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Abstract
Magnetospheric images are constructed from resonant scattering of emissions by 
He+ 30.4-nm and 0 + 83.4-nm ions from different spatial locations to study the structure 
of the intensities and its relation to the distribution o f He+ and 0 + ions around the 
Earth. The image intensities at these EUV wavelengths were obtained from a knowledge 
o f ion scattering rates and available data on ion densities. This particular approach is 
called forward modelling and consists of the calculation of simulated EUV images of 
the magnetosphere. Different regions in the magnetosphere have been considered in this 
study to determine the dependence of the image intensities on ion energies and ion drift 
speeds with respect to the Sun-Earth line. Hot 0 + ions in the energy range from 1 
keV to 50 keV are present in the plasma sheet with typical densities of the order of 
0.1 ions cm -3  arising during disturbed times. Image intensities of the order of a few 
millirayleighs were obtained in our simulations for these densities. During quiet times 
the densities are of the order of 0.05 ions cm-3 . The reduction of the image intensities as 
a result o f Doppler shifts caused by ion motion relative to the Sun-Earth line is discussed 
in detail and the effects of ion dynamics (particle acceleration) in the polar cap on the 
image intensities have also been analyzed for both He+ and 0 + ions. The possibility 
of detecting polar outflows may also depend on the location of the imager. Simulated 
images of the plasmasphere and trough regions in both 30.4-nm and 83.4-nm wavelengths 
have been obtained to reflect the relative abundance o f the ions in these regions.
Photometric intensities of He+ at 30.4 nm were obtained from a spinning rocket at 
an altitude of 435 km. The different viewing angles covered a wide range of regions in the 
magnetosphere, and this particular rocket geometry offered the possibility o f obtaining 
the He+ ion distribution from the measured intensities. This method (forward inversion) 
can be applied to 2-D images and it is shown that it is possible to extract 3-D ion 
distributions from the images.
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1Chapter 1 Introduction
The present picture of the Earth’s magnetosphere is based on a large number of satellite 
and ground based observations made at different times and at different magnetospheric 
conditions. My goal is to understand the behaviour of the near-Earth environment 
and also predict how it would respond to changes in solar activity. Many localized 
observations of the different regions in the magnetosphere have led to the discovery of 
many important dynamical processes that occur periodically. The auroral regions have 
been found to be regions of intense ion outflows where particle energization takes place. 
The ionosphere has also been recognized as a major source of energetic particles for the 
outer magnetosphere. The plasma sheet is the most difficult to measure because of its 
great expanse. Also, this region is the site of intensive mixing of solar and ionospheric 
plasmas. Complex processes of energization occur in the plasma sheet and plasmas which 
are energized are driven back towards the ionosphere along the Earth’s magnetic field 
lines. How the plasma sheet responds to varying magnetic conditions is also the focus of 
current research. Magnetic reconnection studies predict the formation of plasmoids and 
these are phenomena which would be very interesting to observe optically in a global 
perspective. The plasmasphere is the inner-Earth region defined by closed field fines 
which axe dipolar in character. This region consists of mostly trapped cold plasmas. 
These plasmas are believed to have diffused from the ionosphere. Also, plasmas that are 
trapped by field fines that intersect the ionosphere in the low latitude regions (up to about 
52 degrees) tend to maintain their flux tube contents even under disturbed magnetic 
conditions, while plasmas bounded by field fines at higher latitudes are eroded easily. 
The dynamical process by which the plasmasphere is emptied and refilled by plasma is 
another exciting event to observe from a global perspective. The ability to make such
Reproduced with permission of the copyright owner. Further reproduction prohibited without permission.
observations of these dynamical events occurring in the Earth’s magnetosphere depends 
upon the development of remote sensing techniques such as EUV imaging at suitable ion 
resonance wavelengths.
The Sun acts as a continous source of both particles and electromagnetic radiation 
that affect the shape (magnetic field) and the distribution of plasma in the magneto­
sphere. The discovery by Johnson et al. (1971) of the He+ 30.4 nm emission line orig­
inating in the plasmasphere led to the understanding that this radiation is resonantly 
scattered by the He+ ions. He was first to suggest that the magnetosphere would appear 
to glow if observed at that wavelength. The emission fine at 83.4 nm may also be used 
for the optical detection of 0 + ions. They are both abundant in the ionosphere, and are 
also found in the outer magnetosphere. The efficiency with which these wavelengths axe 
resonantly scattered is determined by the scattering rate (photons s-1  ion-1 ) of the ions. 
It will be interesting to estimate the intensity and distribution of the ’magnetoglow’ and 
study how the structure of the glow would respond to different magnetic conditions.
The aim of this thesis is to show that a global picture of the magnetosphere may be 
seen in an optical image at 30.4 or 83.4 nm wavelengths and that plasma distributions 
can be derived from them. Naturally occurring He+ and 0 + ions exist in the Earth’s 
magnetosphere which can resonantly scatter photons coming from the Sun at these wave­
lengths. The shape or structure of the image intensities reflects the distribution of ions 
in the Earth’s magnetic field and the magnitude of the intensities provides information 
on the ions’ relative abundance in different regions around the Earth, their energies, 
their response to magnetic disturbances, and Doppler shifts caused by the ion’s motion 
relative to the Sun-Earth line. The magnitude of the intensities also depends on the 
ions’ scattering rate (photons s-1 ion-1 ). Simulated images are constructed based on 
available density data and known scattering rates for both He+ and 0 + ions to estimate 
their image brightness and also determine the shape of the intensity distribution.
Reproduced with permission of the copyright owner. Further reproduction prohibited without permission.
Some of the chapters (Chapters 3, 4, 5 and 6) in this thesis have been published 
or axe currently in press. These are self-contained and include conclusions, references 
and acknowledgements. Chapter 2 describes in detail the density models used in other 
chapters and also contains some equations that appear in later chapers. This may appear 
repetitive but at the same time it preserved the style of the published articles from which 
these chapters are based. A separate chapter on conclusions (Chapter 8) briefly summa­
rizes the conclusions made in other chapters. A review of instrumental considerations 
pertaining to space-based imaging using 30.4 and 83.4 nm emissions is not included here 
since it is extensively discussed elsewhere (See the references).
I have adopted ion density models that are simple and convenient to use in my 
simulations, and the expression for the density distribution has been found to agree 
reasonably well with observations in the different regions where it has been applied. These 
are discussed in Chapter 2. The kinetic model due to Huang and Birmingham, (1992) is 
described briefly and this review provides the necessary background for understanding 
later chapters. The kinetic description has been found to fit with observations pertaining 
to the polar regions, and I have used this model to describe the spatial distribution of the 
outflowing He + ions. In the plasmasphere where the ions may be in diffusive equilibrium, 
the fluid description of Chiu et al. (1979) was used.
I described in Chapter 3 how the magnetospheric images are affected by plasma drift 
speeds along the Sun-Earth line and variations in plasma temperature in the radiation 
belt. The focus of this study is on the complicated structure of the 0 + 83.4 nm solar 
lines that can affect the efficiency at which photons are scattered when the ions have 
a drift velocity relative to the Sun-Earth line. Energetic 0 + ions occur in the plasma 
sheet with drift speeds of up to 300 km s-1 . Images at different satellite locations were 
also obtained to determine the global structure of the observed emissions and to evaluate 
instrumental requirements to possibly detect weak emissions in these regions.
3
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The possibility of detecting optical emissions of He+ 30.4 nm and 0 + 83.4 nm from 
the high latitude regions is investigated in Chapter 4. In this chapt er I also examine and 
contrast the simulated images at two levels o f magnetic activity, i.e., during quiet and 
disturbed conditions using ion outflow data obtained by the Energetic Ion Composition 
Spectrometer (EICS) on Dynamics Explorer 1 (DE 1). I studied energetic ion outflows 
in the polar cap which occur as a result of particle energization and investigated the 
possibility o f observing them optically.
In earlier discussions, the regions on which I have focused attention have been the 
plasmasheet, where ion drifts speeds may be large (Chapter 3), the radiation belt, where 
the plasma species are hot, and the high latitude regions where polar ion outflows occur 
(Chapter 4). Although, the intensities in these regions may be weak, the importance of 
the dynamical processes occurring is unquestionable. In Chapter 5 ,1 simulate images in 
both 30.4 and 83.4 nm wavelengths for the plasmasphere and trough regions. I have used 
source densities at 1000 km altitude as inner boundary conditions, and the density models 
described in Chapter 2 were used to obtain the distribution everywhere inside the flux 
tubes. I also study how the latitude variation of the source densities would be reflected 
in the images. The strong intensities obtained in the bright regions of the plasmasphere 
at 30.4 nm suggest imaging He+ (30.4 nm) resonant emissions to be favorable.
Aerospace Corporation launched a rocket in March 1982 from Poker Flat, Alaska. 
The principal investigator for this flight, Dr. A.B. Christensen, gave us emission rate 
data that covered a wide range of wavelengths, including the He+ 30.4 nm emission. 
The rocket was at an altitude of about 435 km and in the night side sector. The spin­
ning motion of the rocket offered the observation of many distinct regions including the 
ionosphere, the plasmasphere and the polar cap. Successive spins of the rocket pro­
vided information on the time variation of the column intensities. An inversion method 
is introduced in Chapter 6 that allows the extraction of densities from the observed
4
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photometric intensities. The results axe significant because they give information on 
the relative content of each flux tube region in the inner magnetosphere and its time 
variability.
The extraction of 3-D density distributions from a 2-D image is the study o f Chapter 
7. Tomographic imaging of the Earth’s magnetosphere is highly impractical to implement 
because it requires that a large number of views be made at many different locations. In 
this study, I have shown that under certain conditions it is possible to extract density 
information using only a limited number of views (few columns of pixels in an image) 
from one location in space.
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6Chapter 2 Density Models
2.1 Kinetic Description
In an earlier work by Chiu et al. (1990), magnetospheric images were constructed em­
ploying a density profile using a magnetic scaling factor for the outflowing ions. Chiu 
et al. (1990) also assumed that the magnetosphere is static and that the ion outflow is 
continuous. However, the effects of the gravitational field and co-rotation of the plasma 
with the earth’s rotation were not accounted for in obtaining the density distribution 
of the ions along field lines. A detailed analysis of the dynamical motion of charged 
particles in the guiding center approximation has beer made by Northrop and Birming­
ham (1982) incorporating rotational effects in the equations of motion and total energy 
of the particle. A recent study by Huang and Birmingham (1992) applied these results 
in their calculations of density and temperature along dipole magnetic field lines for a 
plasma that has a temperature anisotropy in a rotating magnetosphere. Following their 
description I will show from their results that the magnetic scaling factor in the density 
profile of the particles arises from the temperature anisotropy. The effects of gravity, 
rotation and polarization electric field have been accounted for in obtaining the den­
sity distribution. Huang and Birmingham (1992) obtained expressions for the density 
distribution of a plasma composed of electrons and one species of ion. In this section, 
I extend their analysis to a flux tube where the plasma consists of electrons and three 
ion species ( 0 + ,H e+ ,H +) to obtain the spatial distribution of the ions and electrons
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along the magnetic field. The expressions for the density and temperature profiles are 
simple and thus easy to use in the construction of the magnetospheric images. To keep 
my discussion self-contained I provide a brief description of their model.
The velocity distribution for each species is assumed to have a bi-Maxwellian form
7
/  =  / 0e un° e uio , (2.1)
where the parallel (T||o) and perpendicular (Tj_o) temperatures at a reference point on a 
field line are defined through the thermal speeds
ttj0 =  ^  (2.2a)
2 _  2kT±o ,0 .
u_lq — m ? (2-2 b)
where k is the Boltzmann constant and m is the mass of the particle. In this study I take 
the reference point to be at the ionospheric boundary defined by R=Ro=1.157 Re (an 
altitude of 1000 km). The constant coefficient /o can be obtain from the normalization 
condition
no = J f d 3v0 =  2ir j dv\iodv±0v ± o f  (2.3)
giv ing
and
2 ( f ) 3/2 np
f  (Tp f l 'iT 10 ( ' !
a = £  (2.46)
Northrop and Birmingham (1982) showed that the expression for the total energy of the 
particle is
j-, 1 o 1 ^  o G M m  . .
E  =  -m v  — -m u  r cos A -----------------h q® (2-5)2 2 r
where q=Ze is the charge, $  is the electrostatic potential, fi= 7 .2 9 x l0 -5  rad s-1  is the 
angular speed of rotation of the Earth, r is the radial distance measured from the center
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o f the Earth, A is latitude and M is the mass of the Earth. The distribution function 
at any other point on the field line can be obtained by assuming the constancy o f the 
magnetic moment
im v'i _  Jmi'io
and the conservation of energy
Vo =  v2 +  — (<f> -  <f>o) +  An2, (2.7a)
m
where
and
Au2 =  —Q,2(r2cos2 X — roCos2A0) +  2Co(l — —) (2.76)
Co =  —  - (2.8)
ro
The application of Liouville’s Theorem proceeds by rewriting Eq. (2.1) as
~jo  - ’ lo lio - » j 0 
f  =  f 0e un° e un° e uii° e “j-o (2-9)
or ^
~"0 _„2Q(_l____1_)
/  =  / 0e “n° e X° “lo “no (2 .10)
I can use the results of Eqs. (2.6) and (2.7) to replace and in Eq. (2.10) to get
/  =  /oe 110 e xo 110 (2-11)
where 77 =  Writing u2 =  +  u2 , 1 get
+ £ (* -* o)+ a «2]
/  =  / 0e “n° " e ^ T  (2 .12)
where
4 -  =  4 -  + » ? ( 4 - - 4 - )  (2-13)
“ i  w ijo “ i o  « l o
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Defining the perpendicular temperature Tj_ for
2 2kT± ' . .u\ = ----- -  (2.14)m
Eq. (2.13) can be rewritten as
1 1 / 1  1 X //>7fT~ =  b Vi™ 7p~) (2-15)1-L -*||0 1±0 4 ||o
I can rearrange Eq. (2.15) as t  - h  ( 2 -1 6 )
where
*  = i T W ^ j l  (2'17)
and
7° =  (2-18)
Note that from use of the adiabatic invariants, Eq. (2.12) shows that a bi-Maxwellian 
distribution at a reference point is mapped to another bi-Maxwellian distribution at 
another point where the parallel temperature is kept constant while the perpendicular 
temperature is described by Eq. (2.16). Since rj decreases along the field line from the 
ionosphere to the equator T± also decreases. If the temperature of the particles is isotropic 
at the reference point, ie., (70 =  1) then Eq. (2.17) becomes
e0 =  ^  (2.19)
hence T± =  Tj_o then 7  =  =  1 indicating that the temperature is also isotropic
anywhere along the field line.
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Density Distribution
The spatial distribution of the density along a field line can be obtain by integrating 
Eq. (2.12) as
-;4-bn+£W-<M+Ai;2] r°°
n =  2tt/0 dv\\e »° dvj_vj_e (2.20)Jo Jo
10
or _ 2
_  q ■ r  00 —jjLL 7*00 *_L
n =  2jr/0e 2£Tii° e “n° ' c?V||e un dv±v±e “1 (2.21)
Vo jo
Using Eq. (2.4a) in Eq. (2.21) the result of the integration gives us
-Av2
%  =  n0j — eoje~Zxie “n° (2.22)
x>0
where
*  = (2.23a)
||0
A^ 6 =  <f> — <j>o (2.236)
•o 2&T,(n
u f  = ----- ^  (2.23c)
1 nij
The index j labels the different particle species and Z expresses the sign and the num­
ber of electronic charges in the particle. The expression for the density given by Eq. 
(2.22) is proportional to the magnetic scaling factor and an exponential term that in­
cludes the effects of gravity and the earth’s rotation contained in the expression for A v2 
and the electrostatic potential is defined by Atb =  <f> -  4>o- In this paper I extend the 
model of Huang and Birmingham (1992) to a plasma consisting of electrons and the
ions ( 0 + , H e+ , H +). The polarization potential Aifi can be obtained by requiring charge
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neutrality to hold at every point on the field line, ie.
= X 4
11
72>p
or
7ie =  n (0 + ) + n (H e+ ) +  n(H +), (2.24)
where j= l,2 ,3  refers to (0 + ,H e+, H +), respectively. For electrons, using Z j= -1 and ions 
Z j—l so that the particle densities are given by
B 2 k T .fne =  nQe— CQeeXce »° (2.25)
x>0
mj A»2
tij =  n0j^ - e 0je~Xie 2iTii° , (2.26)
-Dl0
where
C°‘  ”  l1 + i d  -  Dl (2'27o)
e<y=[ i + i d  -  Dl ( 2 ' 2 7 6 )
'J'e
70e =  7^ -  (2.28 a)
T\fo70i =  - f - .  (2.28 b)
T±0
In general, the parallel and perpendicular temperatures at the reference point will be 
unequal; in that case, the electrostatic potential along the field line can be obtained by 
solving a transcendental equation obtained by imposing the neutrality condition given 
in Eq. (2.24). However, to investigate the major features of the images using resonantly 
scattered light, the calculation is greatly simplified by assuming Tjj^  =  Tjj0 =  T||o so that 
I get
Xe =  Xj = X =  (2-29)
Deviations from this condition will involve changes in the exponential terms in Eqs. (2.25) 
and (2.26). Since the exponents are very small, these terms are not the dominating factors
3
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in the variation o f particle densities. The quantities raoe and noj refer to the ionospheric 
densities. Using Eq. (2.24), I get
m .A ti-   m yAu-n 0ecoee xe 2tTn° = e  x ^  n 0je 0je
j
After simplification I get
e* =  (A)2, (2.30a)
where
m • Av“
A  =  ' ^ / Nj e ~ ^ rw (2.30 b)
j
and
=  n o j £ o j _  ( 2 3 1 )
Woe 0^e
The field aligned potential difference can be obtained from
Ai> =  4>-<t>0 =  ^ ^ - X ,  (2.32)e
where x  =  Jn(A^).
2.2 Fluid Description
Previous work done by Chiu et al. (1979) and Li et al. (1983) have discussed fluid models 
describing plasma flow along magnetic field lines pointing out the importance of the 
magnetic mirror force in describing the spatial distribution of densities along field lines; 
however, the anisotropy in the fluid properties of the plasma have not been accounted for. 
Comfort (1988) has shown that when the plasma is isotropic the effects of the mirror force 
cancel out. However, in a plasma that possesses a temperature anisotropy the effects of 
the mirror force will be evident in the magnetic scaling factor present in the expression 
for the density profile of the particles which I will derive shortly. The results of the
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analysis by Comfort (1988) showed that the parallel equation o f motion for the plasma 
is given by
» m ( ^ + v - V v ) , = » F - S -  | a + (3LL£±2|® (2.33)
where n is the number density, m is mass of the species, p\\ and p± are the parallel 
and perpendicular pressures, s =  ^  is the unit vector along the field line and F=net 
non-magnetic force. I will consider the case of diffusive equilibrium (v= 0 ) for plasmas in 
flux tubes from the ionosphere to the equatorial plane. Assuming isotropic plasma where 
P\\ =  PXi then Eq. (2.33) becomes
nF • s -  ^  =  0. (2.34)as
Thus, the effect of the magnetic mirror force cancels out. For the case of an anisotropic 
plasma, ie. when (p||^pj_), I can derive the equilibrium distribution o f plasma density 
from Eq. (2.33). I can rewrite Eq. (2.33) as
0 = „ j F . S - M + p j ( 1 _ i );l W  (2.35a)
where
pi UjkTi r,f
7 . =  l l  =  _J_JL =  J L  (2.356)
P i njkT i T {
The index j labels the particle species. The gravitational and centrifugal forces are given
by
fj =  (— +  rrijOrr cos A/3), (2.36)
where the unit vector p =  x cos <p +  y sin 4>. The orthogonal unit vectors (x ,y ,z ) define 
directions along the solar magnetospheric (X,Y,Z) axes with the + X  pointing towards 
the sun and the Y  axes lies in the dawn to dusk plane and the + Z  axes points along
13
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geographic north. The net non-magnetic forces combined with the electrostatic forces 
give us
rijs • F =  nj {Zj eE -  f js ). (2.37)
I will derive the expression for /| in a separate section. Using the result
dpi dT( . Qn .
=  (2 .38)
in Eq. (2.35a) and dividing the result by njkT^, I obtain after simplification,
Q rijT.j
+  A j =  Qs. (2-39)
where
Aj =  ^ W s ln{B) (2'40a)
Qi =  - ^ j ( Zi eE ~ f 3s)- (2.406)
fcill
Integration of Eq. (2.39) gives us
rijli  n0 jTL rs
M - ^ 1 ) -  (Qi -  AJ)• (2-41)
I can simplify and write the result as
d TL [ ’ ds^rih ln<.B)■D M o J>o kr.y o n  37 tn a*\m  =  nn, —— ii ii ii (2.42)
J -Bo Tj| V '
The effect o f the magnetic mirror force is seen through the scaling factor and the 
term in the exponent given by
■ ~ L d s M , n W - { 2 A 3 )
14
In previous fluid models that include the effects of the magnetic mirror force, the term 
given by Eq. (2.43) is missing. Note, if I assume that the plasma is isotropic, I arrive at
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the result for the density profile
15
which is the classical expression obtained for a diffusive equilibrium model. The subscripts 
zero label quantities at the reference point. However, in order to obtain the density 
variation along the field lines I need to specify a magnetic field model and a temperature 
structure and the polarization electric field can be obtained by imposing the condition 
that charge neutrality hold everywhere along the field line, ie.
3
ne = Y l  nJ (2-45)
3 = 1
where i= (l,2 ,3 ) refers to the ion species (0 + ,H e+ ,H + ), respectively.
Gravitational and Rotational Forces
In the present model I have assumed that the rotational and dipole axis are coinci­
dent. The expression for the forces along the magnetic field (gravitation plus rotation) has 
been obtained for a dipole model by Angerami and Thomas (1964), where the expression 
for the force has been obtained for the case when the field line is in the noon-midnight 
plane. Since the dipole field is symmetric about the polar axis, the results are valid in 
general for any azimuth. Care, however must be exercised when working with field mod­
els that account for the bending of the magnetic field lines such as Tsyganenko’s 1989 
model. At any point with coordinates (r, 9, 4>), the force vector is given by Eq. (2.36) and
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the component of the force in the direction of the magnetic field is given by
t'j f  ~ G M  B r 2 B p
f l  =  f j  ■ s  =  ~ m 3~ ^ T ~ Q  +  rr i j i l  r c o s X - ^ -
where
Br =  B • r 
Bp =  B • p =  cos (f>Bx +  sin cf> By.
Thus, the expression for the force can be written as,
f i  =  ~ m3 ~ ?r~ j^  +  m j& r  cos \(cos<J>^- +  sm fi^ j-).
In spherical coordinates, I have the following identities,
Bx =  Brsin 0cos <j> -f Bgcos Ocos <j> +  B^{— sin 4>)
By =  Brsmdsm<t> +  Bgcos 9sin d> +  B^coscp.
For the case of a dipole, the magnetic field components are
B r =  ^ - ( - 2  cos 9)j»0
b 6 =  0.
Bg =  sin 9)
I can also show the following results
where
and
A =  (1 +  3 cos2 9)*
(2.46)
(2.47a)
(2.476)
(2.48)
(2.49a)
(2.496)
(2.50a)
(2.506)
(2.50c)
(2.51a)
(2.516)
16
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Similarly,
D O
sin 6 - £  =  — — sin 0 cos 6 sin2 <j>• (2.53)
B  A
Adding Eqs. (2.52) and (2.53),
cos <&-£- +  sin 4>-^ - =  — t" sin Q cos (2.54)B B  A
Now, using Eq. (2.54) in Eq. (2.48), I get the result
„• G M 2cos0. ~<> 3  . . /nf l  =  — nij—— (— —— ) +  cos A(-^-sin 0 cos 0) (2.55)
or
f l  =  — [2GM)mi  cos ff _  3mjQ rrsin2 0 cos0] (2.56)
A r-
which is similar to the result obtained by Angerami and Thomas (1964), apart from the 
mass term m , j .
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Charge Neutrality Condition
When the plasma is isotropic, the density profile for the ions is given by Eq. (2.44)
T-7 ||0 v . n3 =  n o j^ e X ’ e
1 \
(2.57 a)
and
rpe
1 1|0 _ Y _ jne =  n o e -^ e  Xee 
1 \
(2.576)
where
. -  [*  A eE
Jso S kT(
(2.58a)
X e = [ Sd s eE
X Jso fcTjf
(2.586)
/ i =  r  d s f i
3 Jso fcTj
(2.58c)
i e =  r  ds n .
Jso kT\
(2.58(2)
For simplicity, assume Ty =  T| =  T\\ so that 7j =  ^ f ,  7e =  and
r  a e EXe =  Xj =  X =  d s V r -  Jso  k T \\ (2.59)
Thus, the density distribution for ions and electrons are given by
r ll° X -Ii nj = noj~^rexe h
T\
(2.60a)
r „ 0 _ Y _ j ne =  «oe-£~e xe . 
T\
(2.606)
The condition for charge neutrality gives us
=-x =  (Ai)* (2.61a)
and
n0e
(2.616)
where terms involving the electron mass have been neglected in Eq. (2.61b). The results 
just obtained above will be modified for the case when the plasma possesses a temperature
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anisotropy. To see this, I rewrite Eq. (2.43) for the density profile of the ions as
19
and
for the electrons where
B T\\ -
nj =  n0j p - e - 1-’’ (2.62a)B0 Tii
B T\\
ne — nQe——-J -^e~xe~Ic (2.62 b)
Bo J- II
/7i?
fS rpj Q
j =  ds-=^— lnB (2.63a)
Jso T\\ ds K J
f s T e d
=  ds-^-^-lnB . (2.636)
Jso T\\ ds
lye
The full specification of the density profile requires the evaluation of the term ex in Eq. 
(2.62) which contains the polarization electric field E. Requiring charge neutrality gives 
us
e-x  =  (A2)^, (2.64a)
where
Az =  £  e~hi (2.646)
j 0e
I^j =  Ij +  A Ij (2.65a)
A Ij — Inj — / 7e (2.656)
and x  and Ij are defined in Eqs. (2.59) and (2.58c), respectively.
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Chapter 3 Imaging the Earth’s Magnetosphere: Effects of Plasma 
Flow and Temperature *
3.0 Abstract
We simulate EUV images of the magnetosphere at 83.4 nm for cases where the plasma 
has a non-zero drift velocity with respect to the Sun and variable plasma temperature. 
The solar emission in this region is dominated by a blend of nine gaussian shaped lines 
representing the 0 + triplet and the 0 ++ sextuplet contributions (Meier, 1990). The 
magnetospheric scattering cross-section profile includes only contributions from the 0 + 
triplet due to the low number density of 0 ++ compared to that o f  0 + (Chandler et 
al., 1987). The scattering rate has a complicated structure as a function of bulk velocity 
and does not possess any symmetry about zero. The scattering rate is reduced for most 
Doppler shifted cases compared to the case of zero bulk velocity, resulting in a much 
dimmer image. At some bulk velocities where the scattering cross-section of 0 + peaks 
at the brighter 0 ++ solar line profiles, larger scattering rates occur and the EUV image 
is brighter. Similarly, due to thermal Doppler spread the scattering rate decreases with 
increasing plasma temperature. Using a simple model for the 0 + ion number density we 
present simulated images of the magnetosphere including the radiation belt and plasma 
sheet for different viewing positions at distances of the order of 50 R e from the Earth.
*D.E. Garrido, R .W . Smith, D.S. Swift, S-I. Akasofu, Imaging the Earth’s Magnetosphere: Effects o f 
Plasma Flow and Temperature; Planet. Space Sci., Vol. 39, pp. 1559-1571, 1991
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We show that an EUV magnetospheric image of minimum reasonable quality may be 
obtained in 1000 s using an electronic imager with an aperture of 750 cm2. Several 
comparative cases are shown to illustrate the simulated images in different perspectives 
and for a selection o f bulk plasma velocities and temperatures.
3.1 Introduction
The experimental study o f the magnetosphere has proceeded by a process o f assembly 
and careful correlation of point measurements of fields and particles made by satellite 
instruments in the various plasma regions. Seldom has it been possible to gather an ex­
tensive data set for a single geometry or instant in magnetospheric time and space. The 
contextual information needed to make best use o f point measurements of the plasma 
could be found in an image of the plasma region made optically (Johnson et al., 1971; 
Meier, 1991; Swift et al., 1989; Chiu et al., 1990) and complementarily by the use o f ener­
getic neutral particles (Roelof, 1989). Imaging by optical means gives more information 
on the lower energy component of the plasma particle population while the energetic 
neutral particle technique depends upon the higher energy component.
The Sun provides a stream of photons which may be scattered by the ions in the 
magnetosphere. This scattering is most effective at wavelengths where there is a strong 
ionic resonance, such as 30.4 nm for H e+ and the triplet at 83.4 nm for 0 + . The scat­
tered light enables the observer to determine the shape and position o f regions of the 
magnetosphere where these ions are found and the absolute intensity in any direction 
gives the line-of-sight column density of the scatterer. This paper is concerned with pos­
sible 83.4 nm images of the 0 + densities since information gained from these can be used 
to study the ionosphere and the magnetosphere. The 0 + found in the magnetosphere
22
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can be assumed to have originated in the ionosphere and to have been advected by the 
action of coupling processes which link the magnetosphere and the ionosphere.
Swift et al. (1989) and Chiu et al. (1990) showed examples of images at 83.4 nm 
simulated by computer. Regions of higher density of 0 + in the plasmasphere and plasma 
sheet show up brighter than their surroundings. In addition, Chiu et al. (1990) show that 
the ion outflow from the polar caps should also become visible. In both of these earlier 
papers, no allowance has been made for reduction in scattering efficiency due to high 
plasma temperature or fast plasma streaming. This paper addresses both these topics 
giving more realistic simulations of a magnetospheric image and also updated estimate 
on the imager aperture required for a reasonable frame rate for pictures taken from the 
moon.
The calculation of the g-factor, expressing the scattering rate of solar emission in 
photons s-1 ion-1 has been done by (Meier, 1990) for the 83.4 nm region that incor­
porates the correct blend of 0 + and 0 ++ transitions. The well resolved solar intensity 
profile is composed of an 0+  triplet and an 0 ++ sextuplet. The fractional distribution, 
b, of the solar intensity into the respective emission lines has also been calculated by 
Meier et al. (1991) and shown to be b=0.26 for 0 + and b=0.74 for 0 + + . In analyzing 
the effects of plasma drifts on the cross-section of the ions, the analysis of the scattering 
rate as a function of bulk velocity, (Meier, 1990) requires an understanding of how the 
shift in the cross-section line center can affect the scattering rate. Due to close spacing 
and intermixing of the 0 + and 0 ++ lines, a non-zero bulk velocity of the 0 + ions can 
result in an 0 + cross-section profile overlapping with another line in the 0 + triplet or 
with a line of the 0 ++ sextuplet. An 0 + ion having the right drift speed can resonantly 
scatter photons emitted from an 0 ++ ion. Since some lines in the 0 ++ spectrum are 
much more intense than those in the 0 + triplet, enhanced scattering can occur. This
23
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idea is discussed in detail in a later section. We analyze the structure of the scattering 
rate as a function of bulk and random velocity by assuming that the cross-section profile 
for the 83.4 nm wavelength contains only the 0+  triplet.
It will be of great interest to observe the marked changes in the magnetospheric 
image, say, of the plasma sheet during a substorm by comparing an image observed 
during ’quiet’ times with images obtained during disturbed conditions identified with a 
marked increase in 0 + number density (Lennartson et al., 1986).
3.2 Brief Review of Atomic and Solar Data
Figure 3.1 shows the energy level diagram corresponding to the 0 + triplet and the 0 ++ 
sextuplet transition (Ho and Henry, 1983). The solar flux Io (Hinterreger, 1981) has a 
magnitude of .67xl09 photons cm-2 s-1 and the branching ratios pn that distribute the 
solar flux into the nine solar lines can be obtained in terms of the statistical weights of 
the upper levels of the transitions and also in terms of the Einstein coefficients Ain (for
24
Reproduced with permission of the copyright owner. Further reproduction prohibited without permission.
25
Tabla 1: Solar l i r a  and atomic data
X (n m ) v(10lSHz) Ju wu WU A/u(108/s)
(  A Ju )N f i P* Goi(cm2)Z uw u \ r2 jl  a /u
83.4462 3.S9513 5/2 6 S/12 7.6 .93 .122 .121 l.S «-13
83.3326 3.60003 3/2 4 4/12 8.2 1.0 .0872 .066 l.ltt-13
83.2754 3.60250 1/2 2 2/12 8.2 1.0 .041 .043 S.0e-14
83.2927 3.6017S 1 3 3/15 3.3 .59 .102 .087
83.3742 3.59823 2 S S/15 4.3 .77 .0748 .189
83.5096 3.59240 2 5 5/15 1.4 .25 .015 .061
83.5292 3.59155 3 7 7/IS 5.6 1.0 .0816 .345
83.3715 3.59835 1 3 3/15 2.3 .41 .0245 .061
83.5059 3.59256 1 3 3/15 .16 .03 .001 .0044
Energy Level Diagram 
0 + + hv T ~—  (0 +)*
CF+ hv ^
83.5059
83.3715
832927
835096
833742
835292
Figure 3.1 Table of Solar and Atomic Data as adopted from 
Meier (1990). Energy level diagrams are shown explicitly to de­
scribe the relevant transitions.
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spontaneous emissions to the lower energy levels). The branching ratio pn is defined by
„ _  A\n u ' Co i
m l . ,  A m " '  (3 J )
26
where
VO
—  =  relative strength o f  statistical weights (3.2a)Z iW
Ain
221 Ain
=  relative Einstein coef ficien ts  (3.26)
and
bn =  -26 fo r  n =  1,3 (the 0 + lines) (3.3a)
bn =  .74 (the 0 ++ lines) fo r  n =  4,9. (3.36)
The absorption cross section at line center (voi) (see Appendix) is given by
c
0o i =  aj — (3-4)UiUoi^ /TT '  7
and is temperature dependent through the thermal speed, U{ =  y/2kT/m0 of the ions. 
The integrated cross-section is defined as
7re2
=  fi, (3.5)mec
where
pOO
crf(i/) dv — <Ji (3.6)J  o
and <jf{v) is the cross-section profile for a particular transition (where superscript ’a’ 
refers to absorption) and /,• is the oscillator strength. Measured values for the cross­
section at line center for 0 + are given by Kumar et al. (1983) for 2^=1000 K. The values
for the cross-section obtained using Eq. (3.4) axe shown in the last column of the table 
in Fig. 3.1. The scattering rate at other temperatures were obtained using Eqs. (3.5) and
(3.6).
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3.3 Analysis o f the Scattering Rate g
27
The theory relevant to the calculation of the g factor (photons per second per ion) is 
discussed by Meier (1990). Although the method of analysis is familiar, we describe it 
briefly in the Appendix. Our purpose is to clarify the normalization constants used in our
computations. Even though we use the same data, we have obtained slight differences in 
the values calculated for g. The difference may lie in the temperatures of the ions in the 
chromosphere. For 0 + we have used T\= 50000 K and for 0 ++ To= 130000 K, yielding 
gaussian widths of .0033 and .0047 nm, respectively. These compare to the values of 
.0039 and .0054 nm obtained by Meier et al. (1991). Neglecting background light and 
the effects of solar rotation, the solar line profiles are assumed to be of the form
The subscript n labels quantities of chromospheric origin while m identifies magneto-
(3.7)
where
I n  —  I ( )P n (3.8 a)
c
(3.86)
and the Doppler shifted cross-section profile is given by
(3.9),
m=1
where
I'm =  ^0m(l +  Vp/c) (3.10a)
c (3.106)0^m — /—
spheric quantities and vp is the bulk velocity. Our calculations show that the g factor for
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the case vp =  0 is 2.45 X  10-7 and 2.67X10-7  photons s-1 ion-1 for plasma temperatures 
of 1 keV and 10 keV, respectively. This represents an average value which will fluctuate 
with solar activity. The plot of scattering rate versus drift speed is shown in Fig. 3.2. 
The complex structure of the g factor shows regions of vp where g has a significant value 
and others where it is relatively small.
We analyze both cases where negative drift speeds cause the shifting of the cross­
section line centers towards larger wavelengths while positive drift speeds shift the line 
centers to smaller wavelengths. The varying overlap of the profiles explains the structure 
of the g factor. The nature of the cross-section and the near resonance of the transitions 
at 83.4 nm determine the structure of the scattering rate. One can read from Fig. 3.2 
the drift speeds at which the g factor is small or large, thus enabling us to infer whether 
our magnetospheric image is dark or bright. The temperature dependence of g is shown 
in Fig. 3.2 and the effects on the magnetospheric images are shown in Fig. 3.6. We will 
discuss the results of the simulations on the images in a later section. As the temperature 
is increased the absorption cross-section is broadened preserving the total area constant. 
Fig. 3.2 shows and compares the variation of the scattering rate with drift velocity at 
various plasma temperatures. The dashed curve represents the structure of the scattering 
rate when T=100 eV and the solid line represents the case when T=1 keV or T=10 keV. 
For the case when T=1 keV we see that the scattering rate has a peak around -300 km 
s-1 . The minus sign means that the flow velocity is anti-sunward. Positive velocities will 
mean that the ion velocities are directed towards the Sun. The value of the scattering 
rate is seen to decrease as we go towards positive drift speeds up until 100 km s-1 where 
it starts to increase. Another peak in the scattering rate is obtained at speeds of about 
300 km s-1 . The Doppler effects caused by the ion flow velocities will be shown in Fig.
28
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G FACTOR FOR 0+ VS DRIFT SPEED
Figure 3.2 Plots of the scattering rate as a function of ion drift 
velocity. In all cases the dashed'curve refers to the case when the 
plasma temperature T =  100 eV. (a) The solid curve represents 
the T =  1 keV case, (b) The solid curve represents the T =  10 keV 
case. .
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3.4 and Fig. 3.5. The case when up=-300 km s-1 indicates a maximum value for the 
scattering rate when T=1 keV and this results in a relatively brighter image.
3.4 Simulation of Magnetospheric Images Using 0 + Emissions
Simulations of global images of the magnetosphere were obtained by Swift et al. (1989) 
by using resonantly scattered emissions from 0+  ions in the 83.4 nm wavelength band. 
The images obtained were based on a higher value of the scattering rate than that used 
here in our simulations. They used a simple model for the 0 + number density and an 
assymetric radiation belt on dipole magnetic field lines. However, the global features 
of the magnetosphere that depend on plasma bulk velocity and temperature variations 
were not analyzed. Due to the unavailability of data at that time on a well resolved solar 
profile, it was difficult to ascertain the correct line shapes to use in the simulations. The 
temperatures of the ions in the chromosphere were assumed by Swift et al. (1989) to be 
of the order of 104 K which corresponds to a line width that is much smaller than that 
used in this paper. In this section, we incorporate the effects o f temperature variation 
and plasma drift speeds on the magnetospheric images. Our model assumes a symmetric 
dipole field where the geographic and magnetic coordinates coincide. The equation for 
the magnetic dipole lines of force is given by (Roederer, 1970),
r =  r0 c o s 2 ( A ) ,  (3-11)
where 7*o is a constant of integration and A is the magnetic latitude. If we let
t*o =  LRe (3.12)
where ( 5 e=Earth radii), and L the distance of the field line at equatorial crossing in
30
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units o f Earth radii, we obtain
R =  r/Re =  L c o s 2 ( A ) .  . (3.13)
The lines o f force intersect the surface of the Earth at latitudes given by
cos(Ae) =  1/V I. (3.14)
The radiation belt is assumed to extend from L=3 to L=15 with a density profile that 
varies as
n =  1 / i  (ions cm-3 ) (3.15)
with a uniform plasma temperature of 10 keV. By assuming the radiation belt (Hess, 
1968) to extend between L values of 3 and 15 we have neglected contributions coming 
from the plasmasphere. The form of the density profile and the extent of the radiation 
belt is a crude assumption used to illustrate the dipole structure present in the magneto­
spheric image as illustrated in Fig. 3.3 Case 1, which is discussed below. Uniform L shell 
populations have been imposed without regard to any redistribution which might occur
due to subsequent motions. The plasma sheet is assumed to have the ellipsoidal form
(s +  20)2 y> ^
(20)2 (15)2 +  (3)2 1 J
with a uniform density of 0.1 cm-3 , (Lennartson et al., 1986). The contributions of the 
ionospheric plasma are blanked out because the ion number densities are much larger 
than those in the radiation belts and plasma sheet, and this would make it difficult to 
view the dimmer portions o f the magnetosphere. We assume that the Earth hides the 
plasma behind it from the Sun. In describing our simulation images we denote the satellite 
positions by cartesian solar magnetospheric coordinates (Xo,Yo,Zo) measured in Earth 
radii. The positive X  axis points in the sunward direction and the Z axis is perpendicular 
to the solar ecliptic plane. The view direction is denoted by coordinates (Xi,0,0). The 
view direction is represented by a vector directed from the observer’s position towards 
the point (Xx,0,0).
31
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In Figs. 3.3a to 3d we show the grey scale images of the magnetosphere for four differ­
ent satellite positions. Frame (a) Case 1, is described by the coordinates (X o=20, yo=0, 
Zq=0) with view direction at (Xi=0).  Frame (b) Case 2, is described by coordinates 
(Xo=2Q, lb =5, Zo=-50) also viewing at Xi=-10. Another look at the magnetosphere is 
shown in frame (c) Case 3 and frame (d) Case 4, which are described by coordinates 
(.Xo=0, lo=-10, Zo=-50, Xl=-10) and (Xo=20, !o=10, Zo=40, X i= -10), respectively.
In Fig. 3.3, Frame (a) defines Case 1 indicating that the observer has coordinates 
(20,0,0) (measured relative to the center of the Earth) and is located at 20 Earth radii 
on the sunward side and viewing directly towards the center of the Earth. We assume 
that when the picture of the magnetosphere was taken the radiation belt ions have a 
temperature of 10 keV while the ions in the plasma sheet have T=1 keV. The drift 
velocities are assumed to be zero in both regions. The central hollow represents the 
Earth with a small contribution coming from extensions of the radiation belt towards 
the dayside. The relative brightness seen in the image decreases symmetrically along the 
dawn to dusk direction. The brightest portions of the ring currents begin at L=3 and 
the gradual decrease in brightness as we go away from the Earth is governed by the 
density profile of Eq. (3.15). The maximum image brightness obtained is approximately 
1.33X10-3 Rayleighs. For Cases 2 to 4 we have also assumed the same temperature and 
velocity conditions for the radiation belt and plasma sheet. The grey scale bar uses a 
maximum intensity of 1.33X10-3 R and refers to Fig. 3.3a.
32
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Another view of the magnetosphere is shown in Fig. 3.3 frame (b) defining Case 
2. The observer is located at (20,5,-50). The view direction (Ax =-10) means that the 
satellite is looking at a distance 10 Re behind the Earth in the magnetotail. For this 
view the maximum image brightness is 3.49 xlO-4 Rayleighs. The grey scale maximum 
of 4.19 x 10-4 R is used in this case and all other cases discussed below. The radiation belt 
appears to have a spherical configuration. The sunward portions of the belt appears less 
bright than portions tailward and the plasma sheet is dim in contrast to the radiation 
belt. Frames (c) and (d) represent two other viewing perspectives of the magnetosphere. 
The maximum image brightness are 3.28 X 10-4 and 3.74 X 10-4 R, respectively.
The different views of the magnetosphere shown in Fig. 3.3 allow us to view both 
the radiation belt and the plasma sheet. The shadowing of the plasma behind the Earth 
from sunlight is seen to start with a central dark spot representing the Earth and a 
dim region continuing straight down the magnetotail. The slightly enhanced brightness 
towards the night side is because the radiation belt and the ellipsoidal plasma sheet 
overlap and contributions from both regions are additive.
Effects of Doppler Shift
In Figs 3.4 to 3.5, we show how the image structure and intensity vary with changing 
drift speed for the view direction representing Case 4. In our model we assume that only 
ions in the plasma sheet are drifting while there are no plasma drifts occurring in the 
radiation belt. The temperature of the radiation belt ions is 10 keV and the plasma sheet 
ions has T=1 keV. Fig. 3.4 Frame (a) represents the image when vp=0  (b) up=-100 km 
s-1 (c) up=-200 km s-1 (d) up=-300 km s-1 . We can see that as the drift velocities 
increase in the anti-sunward direction the plasma sheet appears to brighten gradually 
and begin to show more structure. The enhanced brightness can be explained by Fig. 
3.2. The scattering rates for the four cases above are 2.4X10-7 , 2.8 xlO-7 , 3.9xlO-7 and
33
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a) Satellite x0=20, y0=0, z0=0 (Re)
-25 -15 -5 5 15 25ETA-DEG
Figure 3.3a Magnetospheric image using satellite position and 
view direction defined for Case 1. The ions in the radiation belt 
are assumed to have a temperature and flow velocity of T =  10 
keV and vp=  0 while in the plasma sheet T =  1 keV and vp=  0. 
The intensity is in logioRayleighs. (See Sec. 3.4 for more details).
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b) Satellite x0=20, y0=5, z0=-50 (Re)
-25 -15 -5 5 15 25ETA-DEG
Figure 3.3b Magnetospheric image using satellite position and 
view direction defined for Case 2. The ions in the radiation belt 
axe assumed to have a temperature and flow velocity of T =  10 
keV and vp=  0 while in the plasma sheet T =  1 keV and vp=  0. 
(See Sec. 3.4 for more details).
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c) Satellite x0=0, yO=-10, z0=-50 (Re)
ETA-DEG
Figure 3.3c Magnetosplieric image using satellite position and 
view direction defined for Case 3. The ions in the radiation belt 
are assumed to have a temperature and flow velocity of T =  10 
keV and vp=  0 while in the plasma sheet T =  1 keV and vp=  0. 
(See Sec. 3.4 for more details).
3.4272
-5.0000
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d) Satellite x0=20, y0=10, z0=40 (Re)
-25 -15 -5 5 15 25ETA-DEG
Figure 3.3d Magnetospheric image using satellite position and 
view direction defined for Case 4. The ions in the radiation belt 
are assumed to have a temperature and flow velocity of T =  10 
keV and vp=  0 while in the plasma sheet T =  1 keV and vp=  0. 
(See Sec. 3.4 for more details).
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4 .9x l0 -7 photons s-1 ion-1 , respectively. Since the scattering rate at -300 km s-1 is 
largest the image will appear relatively bright. The maximum image brightness is given by 
3.74xl0-4 ,3 .78x l0 -4 , 3.99xl0-4 and4.19xl0-4 R, respectively. For positive (sunward) 
drift velocities the images obtained for the various flow speeds and their scattering rates 
in photons s-1 ion-1 are shown in Fig. 3.5 frame (a) up=100 km s-1 , g= l-7 XlO-7 
(b) vp= 200 km s-1 , g=2 .5xl0 -7 (c) vp=  300 km s-1 , g= 2 .6x l0 -7 (d) up=400 km s-1 , 
g= 1 .4x l0 -7 . Frame (a) shows a dim image of the plasma sheet while frames (b) and (c) 
show enhanced brightness of the plasma sheet as reflected from the relative values of the 
scattering rates. The maximum image brightness obtained is given by 3.60, 3.73, 3.74 
and 3.55 times lx lO -4 rayleighs, respectively.
38
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a) Plasma Sheet (vp=0 km/s), T= 1 keV
ETA-DEG
Figure 3.4a Variation of the. magnetospheric image when ions 
in the plasma sheet have an anti-sunward flow velocity vp— 0 
(Case 4). Its temperature is assumed to be 1 keV. The ions in the 
radiation belt are assumed to have T =  10 keV and vp=  0.
39
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b) Plasma Sheet (vp=-100 km/s), T= 1 keV
-25 -15 -5 5 15 25ETA-DEG
Figure 3.4b Variation of the magnetospheric image when ions in 
the plasma sheet have an anti-sunward flow velocity vp=  -100 km 
s-1 (Case 4). Its temperature is assumed to be 1 keV. The ions in 
the radiation belt are assumed to have T =  10 keV and vp=  0.
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c) Plasma Sheet (vp=-200 km/s), T= 1 keV
ETA-DEG
Figure 3.4c Variation of the magnetospheric image when ions in 
the plasma sheet have an anti-sunward flow velocity vp=  -200 km 
s-1 (Case 4). Its temperature is assumed to be 1 keV. The ions in 
the radiation belt are assumed to have T =  10 keV and vp=  0.
-3.3776
-5.0000
i
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d) Plasma Sheet (vp=-300 km/s), T= 1 keV
ETA-DEG
Figure 3.4d Variation of the magnetospheric image when ions in 
the plasma sheet have an anti-sunward flow velocity vp=  -300 km 
s-1 (Case 4). Its temperature is assumed to be 1 keV. The ions in 
the radiation belt are assumed to have T =  10 keV and vp=  0.
|
-3.3776
-5.0000
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a) Plasma Sheet (vp=100 km/s), T= 1 keV
-25 -15 -5 5 15 25ETA-DEG
Figure 3.5a Variation of the magnetospheric image when ions in 
the plasma sheet have a positive (sunward) flow velocity vp=  100 
km s-1 (Case 4). The ions are assumed to have T =  1 keV while 
the ions in the radiation belt are assumed to have T =  10 keV and 
vp=  0.
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b) Plasma Sheet (vp=200 km/s), T= 1 keV
-25 -15 -5 5 15 25ETA-DEG
Figure 3.5b Variation of the magnetospheric image when ions in 
the plasma sheet have a positive (sunward) flow velocity vp=  '200 
km s-1 (Case 4). The ions are assumed to have T =  1 keV while 
the ions in the radiation belt axe assumed to have T =  10 keV and 
vp=  0.
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c) Plasma Sheet (vp=300 km/s), T= 1 keV
ETA-DEG
Figure 3.5c Variation of the magnetospheric image when ions in 
the plasma sheet have a positive (sunward) flow velocity vp=  300 
km s-1 (Case 4). The ions are assumed to have T =  1 keV while 
the ions in the radiation belt are assumed to have T =  10 keV and 
vp=  0.
[
•3.4268
-5.0000
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I
d) Plasma Sheet (vp=400 km/s), T= 1 keV
-25 -15 -5 5 15 25ETA-DEG
Figure 3.5d Variation of the magnetospheric image when ions in 
the plasma sheet have a positive (sunwaxd) flow velocity vp=  400 
km s-1 (Case 4). The ions are assumed to have T =  1 keV while 
the ions in the radiation belt are assumed to have T =  10 keV and 
vp=  0.
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Temperature Variations
The survey of the plasma sheet ion composition done by Lennartson et al. (1986) 
indicated an average 0 + ion number density of 0.1 cm-3 . However, their instrument 
selected ion energies in the keV range excluding any ’cold ions’ in their results. Hence, we 
have no direct evidence of the cold ion density. We fixed the plasma sheet temperature at 1 
keV and allowed the plasma temperature to vary in the radiation belt. The flow velocities 
are assumed to be zero. The results of the simulations are shown in Fig. 3.6 for Case 2 
where Frame (a) T=1 keV (b) T=4 keV (c) T=8 keV (d) T=10 keV. The scattering rates 
calculated for the radiation belt are 2.45, 2.57, 2.69 and 2.67 times lx lO -7 photons s-1 
ion-1 , respectively. The image brightness is almost constant for temperature variations 
from T=1 keV to T=10 keV. Our simulations indicate the maximum intensities to be 
3.24, 3.38, 3.51 and 3.49 times lx lO -4 rayleighs, respectively for the four frames above.
47
Reproduced with permission of the copyright owner. Further reproduction prohibited without permission.
BET
A-D
EG
48
a) Radiation Belt, T= 1 keV
ETA-DEG
Figure 3.6a Effects of temperature broadening on the magneto­
spheric image (Case 2, T =  1 keV). The plasma sheet ions are 
assumed to have a plasma temperature and flow velocity of T =  
1 keV and vp=  0 while in the radiation belt the temperature is 
allowed to vary. The flow velocity in the radiation belt is taken to 
be zero.
3.4547
-5.0000
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b) Radiation Belt, T= 4 keV
-25 -15 -5 5 15 25ETA-DEG
Figure 3.6b Effects of temperature broadening on the magne- 
tospheric image (Case 2, T =  4 keV). The plasma sheet ions are 
assumed to have a plasma temperature and flow velocity of T =  
1 keV and vp— 0 while in the radiation belt the temperature is 
allowed to vary. The flow velocity in the radiation belt is taken to 
be zero.
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c) Radiation Belt, T= 8 keV
-25 -15 -5 5 15 25ETA-DEG
Figure 3.6c Effects of temperature broadening on the magneto- 
spheric image (Case 2, T= 8 keV). The plasma sheet ions are 
assumed to have a plasma temperature and flow velocity of T =  
1 keV and vp=  0 while in the radiation belt the temperature is 
allowed to vary. The flow velocity in the radiation belt is taken to 
be zero.
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d) Radiation Belt, T= 10 keV
-25 -15 -5 5 15 25ETA-DEG
Figure 3.6d Effects of temperature broadening on the magneto­
spheric image (Case 2, T =  10 keV). The plasma sheet ions are 
assumed to have a plasma temperature and flow velocity of T =  
1 keV and vp=  0 while in the radiation belt the temperature is 
allowed to vary. The flow velocity in the radiation belt is taken to 
be zero.
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Imaging the Radiation Belt and Plasma Sheet
One of the objectives of the above analysis is to determine the feasibility o f imaging 
the magnetosphere in the scattered light o f 0 + . A useful way to summarize the results 
is to calculate the size of the collecting aperture needed to image the magnetosphere 
under various circumstances. Assuming a substorm time scale of 1 hour, we shall adopt 
1000 sec as a minimal time resolution. The camera is assumed to employ spectrally 
selective multilayer mirrors of sufficiently narrow passband that no further filtering is 
required. (Recent work by Seeley (private communication) shows that this is likely to 
admit an unacceptable amount of Lyman-a contamination). We further assumed an 
optical transmission of 30% and a detector counting efficiency of 10%, giving an overall 
system efficiency of 3%.
Using a realistic value of 10 keV for the temperature of the ions in the radiation 
belt and a plasma sheet temperature of 1 keV, a simulation image was performed for 
the view direction given by Case 4 using an aperture of 750 cm2. A randomized image 
using Poissonian statistics is shown in Fig. 3.7 demonstrating the expected quality for 
the particular instrument parameters.
3.5 Possible Contributions From 0 ++ Ions
The global images of the magnetosphere that we have obtained depended solely on contri­
butions from the 0 + ions. Contributions from the 0 ++ ions have been neglected. Results 
o f a model calculation by Chandler (1987) suggest that the 0 ++ density is about a factor 
20 lower than the 0 + density. However, under certain solar and magnetospheric condi­
tions, if the 0 ++ number density becomes comparable to that of 0 + it can contribute 
to an overall larger emission rate.
52
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Image randomized with Poisson statistics
ETA-DEG
Figure 3.7 The image quality of the radiation belt and plasma 
sheet as seen with an aperture size of 750 cm2 (Case 4). The 
radiation belt ions have T =  10 keV while the plasma sheet ions 
have T =  1 keV. All flow velocities are assumed zero. The effect of 
photon statistics on the image quality indicates a maximum of 53 
counts for a given pixel at the detector. The scale shown is linear.
i
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We have investigated the effects of Doppler shift on the line centers of the magnetospheric 
0 + cross-section, and explained the resulting structure of the scattering rate as a func­
tion of bulk velocity. Whereas the Doppler shift frequently results in a decrease of the 
scattering rate, it has been demonstrated that for certain drift speeds, the overlap of the 
cross-section and the solar intensity profile can lead to an increased rate thus enhancing 
the relative brightness of the image above that obtained when vv is zero.
Using a dipole field configuration for the magnetic field and a simple model o f the 
0 +  number density profile we are able to obtain simulated images of the magnetosphere 
and show quantitatively how the magnetospheric image responds to variations in plasma 
drift speed and temperature. Changes in the brightness of the magnetospheric images will 
also depend on the variability of the solar flux at 83.4 nm. Assuming a fixed temperature, 
in regions where there are plasma drifts the brightness in the image is governed by the 
structure of the scattering rate.
To illustrate how an instrument would respond to a typical magnetospheric source 
brightness we have shown a randomized image of the radiation belt and plasma sheet. 
This demonstrates that gross features of those regions can be seen using a camera aper­
ture of at least 750 cm2.
3.6 Conclusion.
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Analysis o f the Cross Section
Because of the ion’s thermal speed, the absorption cross-section of a hot plasma 
containing 0 + ions for a particular line transition will be broadened. Consider an 0 + 
ion with a temperature T, and mass m0. It will have a thermal speed
Ui -  y/2kTi/m0. (A -  1)
If i/o i is the frequency of radiation emitted by a stationary source then the frequency of 
radiation absorbed in the rest frame of the ion is given by
3.7 Appendix
i/= i/oi(l +v/c). ( ^ . - 2 )
The absorption cross-section is assumed to have a gaussian form
( A - 3 )
Solving for the velocity in (A-2), we get
a -M  =  (A - 4 )
i
where the constants Ci are obtained as follows; from Rees (1989), we use the following 
expressions
<’«>'> =  ( A - 5 )
where
f  4>i(i/) du =  1 (A -  6)
J  — oo
wu and wi are statistical weights of the upper and lower levels for a particular 
transition and <pi{v) is the normalized spectral intensity distribution. Aiu is the Einstein
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coefficient for the transition from upper to lower levels.The normalization for erf is given
by
r°° 7re2
— / i ’ (A ~ 7)Jo rnec
where ( / j )  is the oscillator strength for the emission of radiation with frequency z/oi- We
can obtained A iu by requiring (A-6) to be satisfied, ie.
f  C~ Wu A lu  TTleC , . , , ,
r 5-------— 4>i{u)du=  1 (A  — 8 )J -o o  8 tt W i V -  7Te~ fi
to get
7re2 St  wi 2
Aiu =  f i - r — v .  ( A - 9 )m ec cl  wu
Now, using (A-9) into (A-5) we get the result
a f (u )  =  ai<t>i{v) (A  -  10)
where
Tre2
* i =  fi- ( A - 1 1 )m ec
Our absorption cross-section profile can then be expressed as a sum of the individual 
profiles composed of 0 + transitions belonging to the 83.4 nm band. Hence,
= X cr*<k(l/) (A ~ 12)
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with
Normalizing 4 > i ( v )  we get
  c2 /   . \2(j>i{y) =  Koie “i^ oi 01 . (A  — 13)
k<k = -----— 1=. ( A - 1 4 )UiVQiyJ-K
Finally, the absorption cross-section profile is given by
aa(v) =  X  aiKoie ( 0>) • (A  — 15)i=1
The absorption cross-section at line center is then given by the expression <7oi =  o’i^oi 
which specifies the constants Cj.When a parcel of plasma is drifting with a bulk velocity
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vp relative to the emitting source, the frequency center of the cross-section profile is 
shifted by an amount
Vi =  v0i { l  + Vp/c).
The Doppler shifted cross-section can now be expressed as
3 c2 , vOCTiK0i€ . ( A — 16)i - l
Calculation of the Scattering Rate
The scattering rate (photons per sec per ion) or the g factor is calculated from the 
expression
/ OO
<ri(vp,u )I (y )d v . ( A - 1 7 )
-OO
Using expressions (7),(8) and (A-16),
9 =  EE'- ^On^m^OrnQnm ■> ( A - 1 8 )
n m
where
/ OO
e~5nm du (A -  19)
-OO
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and
Sum =  Cl(l/0n ~ v)~ +  Co(vm -  v)~ (A -  20)
c\ =  (A -  21)
v0nUn
2
c5 =  - 5 ^ - .  ( A - 2 2 )
V5mum
The indices m and n refer to magnetospheric and solar quantities respectively. We can
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simplify 6nm in a form that allows us to integrate Qnm easily, ie.
Snm = 7o  - f i v  +  av2,
where
2 2 . 2 2  70 =  CjZ'On +  CoVm
j3 =  2(clv0n +  cjvm)
Integrating Qnm gives us the result
_ ItF (H2-4c7o)
Qnm =  \l ® 4a • 
V a
Further simplification leads to the following result
[ *  = — I  
V a Korn1^077i\/I
A =  4 ^  +  1-
vlnul
We can finally express g as
V I
with
_  C2 ( l 4  -  2^071^771 +  ^Oti)
P "  +  4 n < )  ‘
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Chapter 4 Magnetospheric Imaging of High Latitude Ion Outflows *
4.0 Abstract
High latitude ion outflows mostly consist of upward streaming 0 + and He+ emanating 
from the ionosphere. At heights above 1000 km, these flows consist of cold and hot com­
ponents which resonantly scatter solar EUV light; however, the ion populations respond 
differently to Doppler shifts resulting from the large relative velocities between the ions 
and the Sun. The possibility of optical detection of the Doppler effect on the scattering 
rate will be discussed for the 0 + (83.4 nm) ions. We have contrasted the EUV solar 
resonance images of these outflows by simulations of the 30.4 nm He+ and 83.4 nm 0 + 
emissions for both quiet and disturbed geomagnetic conditions. Input data for the 1000 
km level has been obtained from the EICS instrument aboard the Dynamics Explorer 
satellite. Our results show emission rates of 50 and 56 milli-Rayleighs at 30.4 nm for 
quiet and disturbed conditions and 65 and 75 milli-Rayleighs at 83.4 nm for quiet and 
disturbed conditions, respectively, obtained for a polar orbiting satellite and viewing ra­
dially outward. We also find that an imager at an equatorial distance of 9 Re or more 
is in a favorable position for detecting ion outflows, particularly when the plasmapause 
is depressed in latitude. However, an occultation disk may be necessary to obscure the 
bright plasmaspheric emissions.
*D.E. Garrido, R.M. Robinson, Y .T. Chiu, H.L. Collin, R.W . Smith and D.W . Swift, Magnetospheric 
Imaging o f High Latitude Ion Outflows; Annales Geophysicae, in press, 1994
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Global imaging of the magnetosphere in the ultraviolet has been discussed by Swift 
et al. (1989), Chiu et al. (1990), Meier (1991) and Garrido et al. (1991). Swift et al. 
(1989) constructed images of the plasma sheet and ring current from resonantly scattered 
sunlight from 0 + ions. Chiu et al. (1990) simulated images of outflowing 0 + (83.4 nm) 
ions and neutral 0  (130.4 nm) atoms for a geostationary satellite viewing at a distance 
of 6.6 Re in the dusk meridian. They assumed particle motions along a static dipole 
field with tilt and a density profile that is modeled by a simple magnetic field scaling. 
A uniform flux distribution over the polar region was assumed with a value derived by 
averaging outflowing ion fluxes measured by the Energetic Ion Composition Spectrometer 
(EICS) on Dynamics Explorer 1 (DE-1). The resulting column emission rates were as 
high as 1 Rayleigh. Effects of gyromotion o f the ions and Doppler shift due to the ions’ 
bulk velocity along the Sun-Earth direction were not considered. The calculations of 
Chiu et al. (1990) also did not include the bright resonant emissions originating from the 
plasmasphere which can obscure the weaker emissions coming from the high latitude ion 
fluxes.
Meier (1991) provided a detailed assessment of the possibilities of remote sensing 
in the ultraviolet over a broad range of wavelengths that includes the 30.4 and 83.4 nm 
resonant lines of He+ and 0 + , respectively. Using plasmaspheric models based on the 
observations of Meier and Weller (1972) and Weller and Meier (1974), images of the 
plasmasphere were constructed for a viewing distance of 10 Re in the dawn to dusk 
meridian plane at geographic latitudes 0, 30, 60 and 90 deg. These simulations show that 
the extent of the plasmapause boundary is visible when viewing at 0 deg latitude and 
the Earth’s shadow becomes evident for higher latitude platforms.
4.1 Introduction
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Garrido et al. (1991) simulated images of the radiation belt and plasma sheet from 
resonant emissions of 0 + ions at 83.4 nm, incorporating Doppler effects due to plasma 
bulk flows along the Sun-Earth line and variable plasma temperature. From an analysis 
o f the scattering rate as a function of ion drift velocity they showed that enhanced 
scattering can occur even at drift speeds other than zero. A simple model for the ion 
density in the radiation belt was assumed without including the dynamics of mirroring 
particles to illustrate the changes in the image brightness when the plasma temperature 
is varied. The image brightness did not vary greatly with temperature from 1-10 keV. 
By simulating images of the radiation belt and plasma sheet they estimated that gross 
features of those regions can be seen with a camera aperture of 750 cm2. Calculated 
values of the intensities from the brighter portions of the model hot magnetosphere is of 
the order of a few millirayleighs. However, there exists the possibility that undetected 
cold plasma could increase these intensities considerably.
The purpose of this paper is to improve and extend the simulations of Chiu et 
al. (1990) by incorporating Doppler effects due to ion drifts along the Sun-Earth line, 
gravitational and rotational effects, variations in plasma temperature, the non-uniform 
flux intensities and the effects of plasmaspheric emissions. We investigate the possibility 
o f remotely sensing energetic ion outflows using high altitude satellites. We also show 
that He+ (30.4 nm) and 0 + (83.4 nm) ions respond differently to Doppler shifts when the 
ions are accelerated to high parallel velocities and we study the possibility of observing 
these effects optically for the 0 + ions.
An earlier paper by Robinson et al. (1992) showed simulated images of extreme 
ultraviolet (EUV) emissions from energetic outflowing 0 + (83.4 nm) and He+ (30.4 nm) 
ions and they also discussed important instrumental considerations for magnetospheric 
imaging including the sensitivity requirements of detectors for EUV wavelengths.
64
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a) HIGH LATITUDE ION OUTFLOWS 1.29x10
■PIfilil
0.0(ions/cm/s)QUIET
Figure 4.1a MLT-ILAT diagram of He+ (30.4 nm) ion outflow 
data for quiet conditions in the 10 eV to 17 keV energy per 
charge range obtained from the Lockheed Ion Mass Spectrome­
ter on board the DE-1 spacecraft. It shows the grey code scale of 
the He+ ion flux intensity distribution at a reference altitude of 
1000 km. Due to large statistical uncertainties in the data the ion 
fluxes in some bins were set to zero.
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Figure 4.1b MLT-ILAT diagram of He+ (30.4 nm) ion outflow 
data for active conditions in the 10 eV to 17 keV energy per 
charge range obtained from the Lockheed Ion Mass Spectrome­
ter on board the DE-1 spacecraft. It shows the grey code scale of 
the He+ ion flux intensity distribution at a reference altitude of 
1000 km. Due to large statistical uncertainties in the data the ion 
fluxes in some bins were set to zero.
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Figure 4.1c MLT-ILAT diagram of 0 + (83.4 nm) ion outflow 
data for quiet conditions in the 10 eV to 17 keV energy per 
charge range obtained from the Lockheed Ion Mass Spectrome­
ter on board the DE-1 spacecraft. It shows the grey code scale 
of the 0 + ion flux intensity distribution at a reference altitude of 
1000 km. Due to large statistical uncertainties in the data the ion 
fluxes in some bins were set to zero.
Reproduced with permission of the copyright owner. Further reproduction prohibited without permission.
(83.4
 n
m)
68
d) HIGH LATITUDE ION OUTFLOWS
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Figure 4.1d MLT-ILAT diagram of 0 + (83.4 nm) ion outflow 
data for active conditions in the 10 eV to 17 keV energy per 
charge range obtained from the Lockheed Ion Mass Spectrome­
ter on board the DE-1 spacecraft. It shows the grey code scale 
of the 0+  ion flux intensity distribution at a reference altitude of 
1000 km. Due to large statistical uncertainties in the data the ion 
fluxes in some bins were set to zero.
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4.2 Imaging High. Latitude Ion Outflows
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The ion outflow data for He+ and 0 + at two levels of magnetic activity are shown in Figs. 
4.1a to 4.1b and Figs. 4.1c to 4.1d, respectively. The outflowing flux intensity distribution 
is based on data obtained by the EICS instrument on board the DE-1 spacecraft. The 
upflowing ion fluxes are integrated over energies from 10 eV to 17 keV and over all pitch 
angles. The fluxes are displayed as a function of magnetic local time (MLT) and invariant 
latitude (ILAT). These diagrams show the spatial variations o f the ionospheric outflows 
with the magnitudes of the flux intensities displayed in a grey-coded scale. The data 
were accumulated from EICS measurements made between August, 1981 and the middle 
of 1986. The data were divided according to the Kp value at the time of measurement 
with quiet times represented by 0< Kp <3 and disturbed times corresponding to Kp >3. 
The high latitude ion fluxes are defined for latitudes greater than 56 deg, divided into 10 
latitude bins each with a 3 deg width and 8 bins in MLT each having a width of 3 hours. 
The average fluxes in some bins have large statistical uncertainties and the flux values 
in these bins are assumed to be zero in our simulations. These results were obtained 
from a statistical survey of the occurrence of upflowing He+ and 0 + ions by Collin et 
al. (1988). Maximum average flux intensities of 1 .3xl07 and 1.8xl07 ions cm-2 s-1 
for He+ were obtained for quiet and disturbed conditions, respectively. The maximum 
average intensities for 0 + shown in Figs. 4.1c to 4.1d are 7.4X107 and 2.2xl08 ions 
cm-2 s-1 for quiet and disturbed conditions, respectively. Note the larger variation for 
0 +  compared to He+ . These data will be used as an ionospheric source to calculate the 
spatial distribution of outflowing ions in the magnetosphere from which images can be 
constructed of resonantly scattered emissions from He+ and 0 + ions.
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The images axe obtained by simulating a detector with a 50x50 pixel field of view 
and a resolution of 2 deg. The column integrated intensity along a given line of sight 
direction with line element ds is
4~I =
where I is the column integrated intensity (photons cm-2 s-1 ), r  is optical depth, p(9) 
is the phase function, g is the scattering rate (photons s-1 ion-1 ) for solar illumination 
only and n is the number density in cm-3 at position r. The scattering phase function 
reflects the anisotropy of scattered radiation and is given by
p(9) =  1 +  1 /4 (2 /3  -  sin2 9) (4.2)
for He+ (30.4 nm) where 9 is the angle between the incident direction (Sun-Earth) and 
scattered radiation in the direction of the observer (Brandt and Chamberlain, 1959). We 
assume p{9) is unity for the 83.4 nm radiation. Since the magnetosphere is optically thin 
above 1000 km to 30.4 and 83.4 nm radiation, r  can be set to zero. The scattering rate that 
accounts for Doppler shifts and temperature variations can be calculated from Garrido et 
al. (1991) or Meier (1990). The ionospheric ion outflows are defined for latitudes greater 
than 56 deg and we neglect contributions coming from the plasmasphere. The density 
profile is modeled by a simple magnetic field scaling,
n =  (Jo/ v o ) ( B / B 0), (4.3)
where J0 and v0 are the flux intensity (ions cm-2 s-1 ) and velocity, respectively at a ref­
erence altitude, where the magnetic field strength is B 0. For computational purposes we 
have assumed an inner and outer spherical boundary o f 1.157 and 10 Re, respectively, and 
that magnetic and geographic coordinates coincide. All the outflowing ions are assumed 
to move along static dipole field lines with an average parallel energy of 10 eV. Although
70
p(9)gn(r)  ds x 10 (R ), (4-1)
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the EICS data are integrated over energy from 10 eV to 17 keV, most o f the flux is in 
the lower energy ions. We also assumed that the flux distribution is symmetric at both 
poles. In calculating the column intensities we accounted for contributions coming from 
cold background sources in the high latitude regions (Hoffman et al., 1974). Calculations 
of the density profile for both ions at high latitudes (Ottley et al., 1980 and Gombosi et 
al., 1987) allow us to estimate the variation of ion density with altitude. The cold ion 
density is assumed to decrease exponentially with scale height as
n = n0e~(-r~r°MH, (4.4)
where r0=1.157 Re, H is the ion scale height and the densities (no) at the reference 
altitude are given by 10 and 3000 cm-3 for He+ (T=0.1 eV) and 0 + (T=10 eV) ions, 
respectively. The source densities for the cold ions are assumed to be independent of 
latitude and magnetic local time (MLT). The scale height for the He+ ion is 2000 km 
while for 0 + it is 500 km. In the calculation of intensities from emissions of 0 + (83.4 nm) 
and He+ (30.4 nm) ions we have neglected Doppler effects due to the ion’s bulk motion 
along the Sun-Earth line. Doppler effects due to ion drifts and temperature variations 
will be considered in Sec. 4.4.
4.3 Analysis of the Images
Simulated images of the outflowing He+ are shown in Figs. 4.2a and 4.2d. The coordinates 
BETA/ETA are used to locate a particular pixel in the images. The coordinates are 
defined by considering a reference line from the observer to the center of the image. 
For convenience, we call this line the central axis. Vertical lines of pixels in the figures 
are then identified by specifying a line-of-sight direction making an angle ETA with
71
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a) QUIET (Ion outflow only), T= 10 eV
ETA-DEG
Figure 4.2a Image of outflowing He+ (30.4 nm) ions (T=10 eV) 
for quiet conditions that include cold background sources (T=0.1 
eV). The satellite is located at a distance of 9 Re from the center 
of the Earth in the dusk sector and viewing towards the center of 
the Earth. In constructing the images Doppler effects due to ion 
drifts have not been taken into account. Grey scale values are in 
logio (Rayleighs).
-1.14509
-3.95078
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b) DISTURBED (Ion outflow only), T= 10 eV
ETA-DEG
Figure 4.2b Image of outflowing He+ (30.4 nm) ions (T=10 eV) 
during disturbed conditions that include cold background sources 
(T=0.1 eV). The satellite is located at a distance of 9 Re from the 
center of the Earth in the dusk sector and viewing towards the 
center of the Earth. In constructing the images Doppler effects 
due to ion drifts have not been taken into account. Grey scale 
values are in logio(Rayleighs).
i
-1.11862
-3.92812
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c) QUIET (Ion outflow only), T= 100 eV
ETA-DEG
Figure 4.2c Image of outflowing He+ (30.4 nm) ions (T=100 eV) 
for quiet conditions that include cold background sources (T=0.1 
eV). The satellite is located at a distance of 9 Re from the center 
of the Earth in the dusk sector .and viewing towards the center of 
the Earth. In constructing the images Doppler effects due to ion 
drifts have not been taken into account. Grey scale values are in 
logi o ( Rayleighs).
-1.21467
-4.50031
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d) DISTURBED (Ion outflow plus plasmasphere), T= 10 eV
-5 5ETA-DEG
0.60128
-3.49585
Figure 4.2d Image of outflowing He+ (30.4 nm) ions (T=10 eV) 
plus plasmasphere for disturbed conditions that include cold back­
ground sources (T=0.1 eV). The satellite is located at a distance 
of 9 R e from the center of the Earth in the dusk sector and view­
ing towards the center of the Earth. In constructing the images, 
Doppler effects due to ion drifts have not been taken into account. 
Grey scale values are in logxo(Rayleighs). It shows the bright re­
gions of the plasmasphere and the less intense emissions from the 
ion outflows beyond the plasmapause boundary.
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respect to the central axis. Similarly, horizontal lines of pixels are specified by the angle 
BETA. Thus, any pixel can be specified by the coordinates (BETA, ETA) in deg. With 
respect to the observer’s position, a pixel at the center of the image is said to have 
coordinates (BETA, ETA)=(0,0) while a pixel in the upper left hand corner is specified 
by coordinates (-25, 25). In obtaining the images shown in Figs. 4.2a to 4.2c we have 
neglected the effects of the plasmasphere. Since there is symmetry between the northern 
and southern hemispheres in all of our images we will only describe the intensities in the 
northern hemisphere. The effects of a change in temperature on the image brightness for 
quiet conditions can be seen by comparing Figs. 4.2a and 4.2c. As seen in the grey scale 
bars, the maximum brightness in Figs. 4.2a and 4.2c is 0.07 and 0.06 R, respectively. 
For pixels defined by the coordinates -10 < BETA < 15 and ETA > 15 deg, we see that 
a change in structure and a decrease in the image brightness in Fig. 4.2c occurs. For 
the same range of BETA the pixels defined by ETA < 15 deg, Fig. 4.2c show only a 
slight change in magnitude of the intensities. The case of Fig. 4.2b shows the maximum 
intensity to be .076 R. The image structure in Fig. 4.2b has more details compared to 
Fig. 4.2a in regions defined by ETA > 15 deg and the image brightness is also enhanced. 
Now, also consider in Fig. 4.2b the pixel region bounded by coordinates -25 < BETA < 
-10 and 5 < ETA < 20. It now shows a slight increase in the image brightness in contrast 
with Fig. 4.2a. The change in the image brightness in Fig. 4.2b is due to the larger ion 
outflow rates on the dayside during disturbed conditions (See Figs. 4.1a and 4.1b).
In all the figures solar illumination is to the left of the figures and it also defines 
the direction of the positive x axis. The positive y axis is along dusk and is directed 
out of the page. The z axis is orthogonal to both x and y axis and completes the right 
handed solar magnetospheric coordinate system. The coordinate axes are not shown in 
the figures. Also, in all figures the satellite is located in the dusk sector at a distance of
76
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9 Re from the center of the Earth and viewing directly towards its center. K we exclude 
the effects of the plasmasphere in our simulations the image brightness in the dayside 
coming from the low latitude regions defined by -5 < ETA < 5 deg is less intense than 
in the night sector. This is a consequence of the absence of statistically significant ion 
outflow data on the dayside at some latitudes (See Figs. 4.1a to 4.1d).
Although it is not the primary aim of this paper to discuss plasmaspheric imaging 
we note that it is possible to image the plasmasphere from scattered 30.4 nm radiation. 
With this viewing geometry, a 30.4 nm imager can determine the size, shape and intensity 
of emissions of the plasmasphere. To illustrate the effects of plasmaspheric emissions we 
assumed that the density distribution for the He+ ions obeys a power law as defined by 
Paresce et al. (1974). The density is assumed to vary with radial distance as
ra(He+ ) =  n0(He+)(r0/r ) /3 (4.5)
with /3=3 or 4. We have adopted a value of 400 ions cm-3 for no and /?=3 which represents 
a depleted plasmasphere in contrast to the case when no =  104 ions cm-3 and /3=4 or 
no =  6 x 103 ions cm-3 and /?=3. These latter values were obtained by Paresce et al. 
by fitting resonant scattering data. The image that includes the plasmasphere and the 
outflowing ions is shown in Fig. 4.2d. The effects of the Earth’s shadow are now manifest 
on the night sector (right side of image). In some studies it has been shown that under 
disturbed times the plasmapause contracts, for example, Binsack (1967). This allows 
relatively brighter portions of the images of the outflowing He+ ions to be seen. To 
simulate disturbed conditions we assume the plasmapause boundary to be at L=3. Note 
that the extent of the plasmasphere in the north-south direction is about + / -  10 deg 
(-10 < ETA < 10) on the vertical scale in Fig. 4.2d and it is still possible to see the low 
intensity He+ emissions coming from the outflowing ions above and below this region. We
77
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also have simulated the case for quiet times assuming a plasmapause boundary at L=4.25 
and the extent of the plasmasphere in this case falls within + / - 1 5  deg (-15 < ETA < 15) 
field of view thus making it less favorable to view the emissions from the outflowing ions. 
The result for this case is not shown. In practice, these bright plasmaspheric emissions 
may be eliminated by introducing an occultation disk in the detector.
The images of outflowing 0 + ions are shown in Figs. 4.3a to 4.3c. The images for 
quiet and disturbed times are shown in Figs. 4.3a and 4.3b, respectively. The cold ambient 
and hot outflowing ions are assumed to have an average parallel energy o f 10 eV. The 
same geometry is assumed as in the construction of the He+ images. Fig. 4.3a represents 
the image at 83.4 nm for quiet conditions and shows a maximum intensity o f 1.02 R 
while Fig. 4.3c shows a maximum intensity of 1.01 R. Similarly, the maximum intensity 
in Fig. 4.3b is 1.05 R and represents the disturbed case. Fig. 4.3c also represents quiet 
conditions but the ion temperature is now 100 eV. For pixels described by ETA > 10 
deg, Fig. 4.3c shows only a small decrease in the image brightness and a slight change 
in the image structure compared to Fig. 4.3a. To compare Figs. 4.3a and 4.3b consider 
pixels described by coordinates -25 < BETA < -5 and 5 < ETA < 25. We see that 
the intensities in these regions are more enhanced than in Fig. 4.3a. These enhanced 
intensities are due to the higher ion outflow rates of 0 + ions during disturbed times 
(Please refer to Figs. 4.1c and 4.Id).
Photometric Imaging From a Polar Orbiting Satellite
It would be of interest to compare the relative contribution to the emission rate of 
the cold ambient ions and the energetic ion outflows. For this reason we explored the 
possibility of imaging ion outflows by viewing outward from a polar orbiting satellite.
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Figure 4.3a Image of outflowing 0 + (83.4 nm) ions (T=10 eV) 
during quiet times that include cold background sources (T=10 
eV). The satellite is located at a distance of 9 Re from the center 
o f the Earth in the dusk sector and viewing towards the center of 
the Earth. In constructing the images Doppler effects due to ion 
drifts have not been taken into account. Grey scale values are in 
logio (Rayleighs).
0.0079
-4.0613
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b) DISTURBED (Ion outflow only), T= 10 eV
ETA-DEG
Figure 4.3b Image of outflowing 0 + (83.4 nm) ions (T=10 eV) 
for disturbed conditions that include cold background sources 
(T=10 eV). The satellite is located at a distance of 9 Re from 
the center of the Earth in the dusk sector and viewing towards 
the center of the Earth. In constructing the images Doppler ef­
fects due to ion drifts have not been taken into account. Grey 
scale values are in logio(Rayleighs).
0.0212
-3.3799
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c) QUIET (Ion outflow only), T= 100 eV
ETA-DEG
Figure 4.3c Image of outflowing 0 + (83.4 nm) ions (T=100 eV) 
during quiet times that include cold background sources (T=10 
eV). The satellite is located at a distance of 9 Re from the center 
of the Earth in the dusk sector and viewing towards the center of 
the Earth. In constructing the images Doppler effects due to ion 
drifts have not been taken into account. Grey scale values are in 
logxo (Rayleighs).
0.0043
-4.8794
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To simulate photometric measurements from polar orbiting satellites we adopted 
a satellite with an orbit and attitude configuration and detector field of view similar 
to that described by Weller and Meier (1974). The satellite has a circular polar orbit 
with an altitude of 750 km. Line of sight emission rates were obtained with a satellite 
viewing radially outward towaxds the outer magnetosphere. Column emission rates from 
cold sources and outflowing ions for Ao=70 deg are 52 and 56 mE (milli-Rayleighs ) for 
quiet and disturbed times for He+ and 65 and 75 mR for quiet and disturbed times for 
0 + , respectively. The values obtained for 0 + were calculated for a satellite altitude of 
2000 km. Note that the sensitivity of the instrument used to obtain the data modeled by 
Weller and Meier (1974) was not sufficient to detect this level of emissions. Therefore, 
the high latitude source was neglected in their modeling.
The column emission rates obtained above represent contributions from both cold 
and outflowing ions. To determine their relative contributions to the emission rate, we 
assume that the satellite is located at a fixed latitude of 70 deg. For observation altitudes 
1000 and 6000 km, we calculated at each altitude the integrated upward line-of-sight 
emission rate for both cold and outflowing ions using the density model and scattering 
rate described in Sec. 4.2. The results axe plotted in Figs. 4.4a to 4.4d. In all figures 
the solid line refers to contributions from outflowing ions and the dashed curve refers to 
the cold ion contribution. Figs. 4.4a and 4b represent calculated emission rates for He+ 
(30.4 nm) during quiet and disturbed times of magnetic activity. For quiet times the 
cold ion contribution is larger than that coming from the outflowing ions at altitudes up 
to 3400 km (1.53 Re) and the contribution from ion outflows begin to dominate beyond 
this altitude. Note that the horizontal axis is plotted in terms of Re measured from the 
center of the Earth. At this transition point cold and outflowing ions contribute 5.3 mR 
to the emission rate. In Fig. 4.4b during disturbed times, the outflowing ion emission
82
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rates dominate the cold ion contribution even at 1000 km and becomes more significant 
at higher altitudes. At 1000 km both sources contribute about 25 mR to the emission 
rate. The emission rates for 0 + (83.4 nm) are shown in Figs. 4.4c and 4.4d during quiet 
and disturbed times, respectively. The cold ion contribution to the emission rate is larger 
than contributions from the ion outflows up to altitudes of 2600 km (1.41 R e) during 
quiet times while during high levels of magnetic activity the ion outflows contribute larger 
emission rates starting at an altitude of 1700 km (1.27 Re). At the transition altitude the 
emission rates are given by 7 mR and 40 mR for quiet and disturbed times, respectively.
4.4 Doppler Effects and Resonance
In a previous work by Chiu et al. (1990) they constructed images of the outflowing 0 + 
ions by assuming a uniform upward flux intensity symmetric over both hemispheres. 
Since Doppler effects were not included in the analysis they obtained an image which is 
symmetric about the tilted dipole axis. However, it is well known that these outflowing 
ions can be accelerated to high energies as they are transported to the outer magneto­
sphere. Horwitz (1987) studied the distribution o f 0 + ions in the outer magnetosphere 
and also calculated their outward parallel velocities. In his simulations he used an in­
termediate source energy of 50 eV for the ionospheric ions and calculated densities and 
parallel velocities for different values of the convection electric field with an applied par­
allel electric field of .5 yuV/m. Parallel velocities from 20 to 60 km s-1 were obtained 
for distances of the order of 10 Re and up to 140 km s-1 for distances greater than 
10 Re. The energization of outflowing ions to high parallel velocities would cause the 
particle scattering rate to vary along its orbit and therefore can affect the intensities of 
our magnetospheric image. Because of the difference in structure of the solar lines for
83
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Vertical Column Intensities vs Radial Altitude
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Figure 4.4 Plots of the vertical column emission rate vs satellite 
altitude starting at 1000 km up to 6000 km. The satellite is at 
a base latitude of Ao=70 deg. Figures 4.4a and 4.4c represents 
the calculated emission rate for He+ and 0 + for quiet conditions, 
respectively. Figs. 4.4b and 4.4d represents the calculated emission 
rate for He+ and 0 + during disturbed conditions, respectively. In 
all figures, the solid curve refers to ion outflow sources (T=10 eV) 
while the dashed curve refers to cold ion contributions.
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Figure 4.5 Plot of the ’effective’ field aligned potential difference 
vs the x component of the particle’s velocity. The ’effective’ volt­
age is assumed to vary linearly with distance along the field line 
and increases from 0-10 kilovolts for 0 + (solid curve) and 0-2.5 
kilovolts for He+ (dashed curve). Both ions have source energies 
of 10 eV and initially located at a base latitude of Aq= 75 deg.
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0 + and He+ we examine how the scattering rates would vary if the ions are energized 
along their orbits. Also, it is of interest to determine the extent to which these energy 
inputs can lead to maximum scattering rates or resonance conditions.
To contrast the effect on the scattering rates for He+ and 0 + we consider motion 
along field lines in the noon-midnight plane. The ionospheric boundary is defined at 1.157 
Re. We assume that the total energy and magnetic moment of the particle is conserved. 
In the total energy expression the gravitational and electrostatic potential energies are 
included. The relevant expressions are listed in Eqs. (4.10)-(4.14) and will be described 
later in Sec. 4.5. While not advocating that an actual linear gradient of potential dif­
ference exists along the field line, we have, nevertheless assumed so for convenience. To 
distinguish this assumed potential difference from any other we call it an ’effective poten­
tial difference’ . To explain Fig. 4.5 we refer to Eqs. (4.10)-(4.14). The voltage or effective 
potential difference is defined by (fhfo. The component of the ion’s velocity along x (ie. 
vx) is obtained from Eq. (4.13) but neglecting the second term. Thus, Fig. 4.5 is obtained 
by inputting the voltages in Eq. (4.14) and calculating vx using Eqs. (4.13) and (4.14). 
Without the effective potential difference the effects of the dipole field are accounted 
for in the unit vector along the field line s. In Fig. 4.5 we show the effective potential 
difference plotted against the x component of the particle’s velocity for the two ions. 
The solid curve refers to 0 + and shows the effective voltage to vary from 0-10 kV and 
the dashed curve refers to He+ and the effective voltage varies from 0-2.5 kV. Knight 
(1973) assumed that if the thermal properties and density distributions of the electrons 
are different at both ends of a field line then the effective field aligned potential differ­
ences of up to 10 kilovolts are possible. The scattering rate as a function of vx is shown 
in Fig. 4.6 for He+ and 0 + . The results in Fig. 4.6a show the scattering rate for He+ 
(dashed) for the case when T=10 eV and Aq=75 deg. The curve is symmetric about zero
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velocity and decreases as vx increases in both directions. Note that positive and negative 
values of vx refer to motion towards and away from the sun, respectively. The scattering 
rate for 0 + (solid) is complicated by the structure of the solar profile for the 83.4 nm 
radiation. Since the He+ ion has a single resonance line, Doppler effects would shift the 
ion’s cross-section line center away from its solar line in both directions for vx giving 
symmetrical values of the scattering rate and decreasing in magnitude with increases in 
vx. The curve for 0 + has interesting features in that it contains dips and peaks in the 
scattering rate. Note that this section may contain some elements o f previous work by 
Meier (1990) and Garrido et al. (1991) but detailed application towards energization of 
0 + ions along field lines is presented for completeness.
Resonance peaks that give scattering rates that are comparable or greater in mag­
nitude than that when vx equals zero can also occur. The peaks in Fig. 4.6a (solid curve) 
for vx > 0 occur roughly at 146, 204 and 257 km s-1 with effective voltages o f 3.4, 5.02 
and 6.7 kV, respectively, while for vx < 0 the peaks occur at -61, -144, -218 and -301 
km s-1 with effective voltages of 1.1, 3.3, 5.4 and 8.2 kV, respectively. Large decreases 
in the magnitude of the scattering rate occur between 28-106 km s-1 corresponding to 
the range of potential differences from 0.34 to 2.3 kV. Also for vx greater than 290 km 
s-1 with impressed voltages greater than 7.7 kV the scattering rates are very low. Fig. 
4.6b shows the case when T=100 eV and Ao=75 deg. The He+ curve shows a slower 
decline in the value of the scattering rate as vx increases. The 0 + curve indicates that 
the maximum scattering rate can still be attained although the magnitudes are smaller 
compared to the case when T=10 eV. For both curves (He+ and 0 + ), the slower decline 
in the magnitude of the scattering rate at certain range o f values of vx is due to the fact 
that at a higher temperature the cross-section profile o f the ions is broadened so that 
when it’s line center is shifted the overlap with the solar profile is greater than when it
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is at a lower temperature. For the case of Fig. 4.6b the maximum resonance condition 
could not be obtained even though a large potential drop is present. Cladis (1986) has 
shown that the presence of an ionospheric convection electric field can also provide a 
mechanism that will energize and accelerate ions to higher energies. Thus, for the range 
o f velocities obtained above we showed that the structure of the scattering rate for the 
0 +  (83.4 nm) and He+ (30.4 nm) behave in a different way to different variations in vx. 
Note also that in obtaining the scattering rate, we neglected the effects of gravity and 
rotation.
4.5 Kinetic Model
In previous sections simulated images were constructed based on a density profile that 
depends on a magnetic scaling factor and the scattering rate was also calculated for the 
case when the temperature was constant along the field lines. We also neglected the ef­
fects o f  the plasma corotating with the Earth. Lemaire and Scherer (1974) have shown 
that rotational effects can affect the distribution of densities in the outer regions of the 
magnetosphere. In this section, we describe the kinetic model due to Huang and Birm­
ingham (1992). The model provides a simple expression for plasma density, incorporates 
temperature anisotropy, effects of gravity and rotation and also contains the magnetic 
scaling factor. We will also show that the effects of rotation on the scattering rate is 
small and can be neglected in the calculation of intensities.
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Figure 4.6 Plots showing the variation of the g-factor with vx for 
motion along the field line for cases when T=10 eV and T=100 eV 
(Ao= 75 deg). Fig. 4.6a represent the case when T=10 eV while 
Fig. 4.6b represent the case when T =  100 eV. The solid curve 
refers to 0 + and the dashed curve refers to He+ .
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Huang and Birmingham (1992) derived expressions for the spatial distribution of 
densities of ions and electrons along a field line by assuming the particle velocity distri­
bution has a bi-Maxwellian form with a given parallel and perpendicular temperature. 
By application of Liouville’s Theorem in conjunction with the conservation of energy and 
magnetic moment they showed that the parallel temperature remains constant
T|| =  T||0 (4.6a)
and the perpendicular temperature varies along the field line as
90
(4.66)
7o =  (4.6c)
V =  (4.6d)
where T||o and Txo are parallel and perpendicular temperatures at the reference altitude, 
respectively. The density distribution along the field line can be written as
rT t . — mAw*
n =  n0—^ e  'a*Tn° e_x (4.7)
T10
and can be recast in the form
n =  n0e-^-e~xe (4.8)
-DO
' =  [ i + i ( J - D ]  ( 4 ' 9 a )
X = g -  (4.96)fcl ||0
Aip =  <t>- <f>0, (4.9c)
where k=Boltzmann constant, <£=electric potential and tiq is the source density.
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Northrop and Birmingham (1982) showed also that the conservation of energy can 
be written as
v2 = v% +  — (4>0 -  <j>) -  A v2 (4-10)m
=  (4.11)
Co =  (4.12)
where G, M and A are the gravitational constant, Earth’s mass and latitude, respectively. 
Also, m is the ion mass and Q. is the angular frequency of the Earth’s rotation. The ion’s 
bulk velocity can be written as
v =  U||S +  v i  +  f l x r ,  (4-13)
O V2where v2± =  and s=unit vector along the field line directed away from the ionosphere 
and the parallel velocity is given by
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Hi =  vh  +  ~4>)~  Au2. (4.14)
The ’zero’ subscript labels quantities at the reference altitude r0. Note that by 
assuming the distribution to have a temperature anisotropy, we are able to obtain an 
expression for the density distribution that contains the magnetic scaling factor and the 
effects of gravity and rotation. Note, that Eqs. (4.8) and (4.9a) were included above to 
show the difference in form of the density profile from Eq. (4.3) that contains only the 
magnetic scaling factor.
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For comparison purposes we show in Fig. 4.7 the variation of the ion density along 
the field line using the model described in Eq. (4.7) and the model described by Eq. (4.3). 
At an altitude of 1000 km and Ao=75 deg and for T||o=10 eV, 7o=2 and Jq =  2.7 x 106 
ions cm-2 s-1 we get a source density of 2.47 ions cm-3 . Note that the above value for 
Jo is typical o f values for a source located within the latitude range 65-75 deg. During 
disturbed conditions a maximum flux intensity of 2.28x10s ions cm-2 s-1 leads to a 
source density of 200 ions cm-3 . The model density described by Eq. (4.3) that depends 
on the magnetic scaling factor (dashed curve) decreases faster with distance along the 
field line than the bi-Maxweflian model density described by Eq. (4.7) (solid curve) 
for the parameters assumed above. Assuming the same conditions in the calculation of 
the scattering rate the bi-Maxwellian model density gives a larger contribution to the 
intensities from sources in the outer magnetosphere than when using the model with a 
magnetic scaling factor.
The earlier model Eq. (4.3) used to describe Figs. 4.2 and 4.3 was presented for 
historical reasons. As described in the last paragraph o f the Introduction, the present 
article is an extension o f the work done by Chiu et al. (1990). They used a density model 
that contains the magnetic scaling factor while the model discussed in this section is 
presented to show from a more elaborate analysis how a density profile with the magnetic 
scaling factor can be obtained. Other features like rotation, gravitation and electric field 
are also present. We have shown that the model described here gives a higher estimate 
for the emission rate than the simple model o f Eq. (4.3).
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Reproduced with permission of the copyright owner. Further reproduction prohibited without permission.
den
sity
 (
ion
s/c
c)
93
x ( ^ e )
Figure 4.7 Plot of the variation of the ion density of 0 + along 
the field line versus the x component of the position along the 
field line. The solid curve refers to the density profile using a 
bi-Maxwellian distribution and the dashed curve represents the 
density profile using a magnetic scaling factor.
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Effects o f Rotation on the Scattering Rate
To illustrate the effects of rotation on the scattering rate we consider ions with 
T||o=10 eV moving up along field lines in the meridian plane defined by <£=135 and 
<£=315 deg. In our coordinate system <£=0 points sunward and <£=90 deg is directed 
towards dusk. Assume also that a small parallel electric field equal to .5 ffV /m  is present 
along the field line and that the dipole and rotational axis coincide. The x component of 
the velocity that causes a Doppler shift of the absorption line center away from the solar 
line center can be obtained from Eq. (4.13). The contribution from the term v±_ decreases 
rapidly along the field line and can be neglected, however, the effects of rotation tend to 
increase the magnitude of the scattering rate for large values of r. We show in Figs. 4.8a 
and 4.8b plots of the scattering rate vs the x component of the ion’s position along the 
field line for the case when 2j|o=10 and 50 eV, respectively. The solid curve refers to the 
case when rotation is present and the dashed curve refers to the case with no rotation. 
Positive values of x identify the field line defined by <£=315 deg and negative values of x 
refer to the field line defined by <£=135 deg. Both figures indicate that the scattering rate 
is larger for the case when rotation is included. Results of our calculation show that at the 
point x=5.5 Re we obtained (with rotation, solid curve) the values vx=15.2 km s-1 and 
g=5.47xl0 -7 photons s-1 ion-1 and without rotation (dashed curve) vx=17.72 km s-1 
and g= 4 .2 x l0 -7 photons s-1 ion-1 , respectively. Note that the effects of rotation tend 
to decrease the magnitude of vx (within the range of distances assumed in this paper) 
hence leading to a larger scattering rate. The effects of rotation are greatest in the dawn 
to dusk meridian plane and least in the noon-midnight plane. For the case when T||o=50 
eV, the scattering rate tends to decrease faster with distance compared to the case when 
T||o=10 eV. Thus, the effect of rotation on the scattering rate is small compared to the 
effect due to Doppler shifts, and can be neglected in the calculation of intensities.
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Figure 4.8 Plots of the scattering rate of 0 + vs the x component 
of position along field line. The solid curve refers to the model 
calculation with rotation and the dashed curve refers to the case 
with no rotation. Fig. 4.8a represent the case when T=10 eV and 
Fig. 4.8b refers to the case when T=50 eV.
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4.6 Observational Effects Due to Parallel Acceleration
96
The high latitude regions where energetic ion outflows occur as a result o f the auroral 
acceleration process is fertile ground from which the dynamics of ion transport and ener­
gization can be studied. Horwitz (1987) modeled ion transport o f 0 + ions into the outer 
magnetosphere using a kinetic model that assumes a bi-Maxwellian source distribution 
at a reference altitude o f 3000 km. He calculated bulk parameters o f ion density and 
parallel velocities for different source energies and applied convection electric field. The 
radial decline of the source densities and the increase in parallel velocities o f the ions out 
in the tail are in reasonable agreement with observations. He assumed the energization 
process to occur over a small latitude range in the polar cap from 70 to 80 deg. From the 
results o f his simulations and also observations of Candidi et al. (1982) tailward velocities 
of 0 + from 50 to 250 km s-1 have been reported. Thus, in the high latitude regions the 
ions can be energized to high parallel velocities and the discussion in Sec. 4.4 shows that 
for 0 + ions such a range of velocities can affect the ion’s ability to resonantly scatter 
photons as they accelerate relative to the sun.
In this section we study how the large decrease in magnitude of the scattering rate 
can be observed optically from emissions of accelerating 0 + (83.4 nm) ions. To simulate 
the acceleration process, we energize the ions at each step along its orbit in energy units 
AjE =  ■E'o(y) where £o=1.6 keV and s is the distance of the ions along the field line 
measured from the ionosphere and 1 is the total length of the field line. For the latitude 
range assumed , 1 is o f the order of 11 Re. Note that when s=0, AI?=0 and at the 
end of our boundary (s=l), we have A E  =  Eq. Parallel velocities can be calculated by 
modifying Eq. (4.14), replacing the term 2^(<£o — <£) by ^-AE. The magnitude of the 
parallel velocities obtained are consistent with the results of Horwitz. In constructing an
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image, we adopt the density profile described in Sec. 4.5 but modified by setting x=0. 
The decline of the source densities along the field line is in qualitative agreement with the 
simulations of Horwitz and the density scatter diagrams of Candidi et al. (1982). Using 
the EICS data, we get source densities from 3 to 200 ions cm-3 and densities of 0.02 to 
4 ions cm-3 in the tail at a distance of 10 Re. Our model does not assume particle drifts 
perpendicular to the field lines as a result of the convection electric field and our aim 
is not to reproduce the ‘tongue’ features in the density contours obtained by Horwitz. 
Assuming that a steady convection of ions occurs, eventually in time, the magnetosphere 
will be populated with ions with different temperatures and parallel velocities reflecting 
their energization. When the ions are accelerated to high velocities, Doppler effects on the 
scattering rate can result in very low intensities. Our aim is to show that such effects may 
be seen optically in 83.4 nm. Our model does not reflect the exact distribution of spatial 
densities along field lines and we are not concerned in obtaining the exact structure of 
the magnetospheric image. If we assume that there axe no major depletions in the ion 
densities as a result of the energization process, the rapid decline in the image brightness 
will be due to the resonance dip in the scattering rate for 0 + .
The effects of particle energization on the scattering rate for 0 + ions with source 
energies T=10, 20, 50 and 100 eV is shown in Fig. 4.9. Note, that Fig. 4.6 shows how the 
scattering rate varies with vx as the ion moves along the field line. These figures, however, 
emphasize the difference in response of the scattering rates for He+ (30.4 nm) and 0 + 
83.4 nm to Doppler shifts caused by the ions’ motion along the field lines. However, in 
Fig. 4.9 (gravitational and rotational terms included) we emphasize the relative changes 
in the scattering rate with temperature variations. The scattering rate is plotted vs vx 
to reflect the motion in the dayside (vx > 0) and motion in the night sector (vx < 0). 
The scattering rate for negative velocities is roughly within an order of magnitude of the
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0 + SCATTERING RATE vs vx 
T = 10, 20, 50 and 100 eV
Figure 4.9 Plot showing the variation of the 0 + scattering rate 
versus vx for various source energies T=10, 20, 50, and 100 eV. 
The dashed curves refer to the case when T=10 and 20 eV and 
the solid curve refers to the case when T=50 and 100 eV. The ions 
are assumed to be energized from 0 eV at the foot of the field line 
at base latitude Aq= 75 deg to 1.6 keV at the end of the field line.
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maximum scattering rate while for positive velocities, resonance wells in the scattering 
rate occur at velocities from 67 to 78 km s-1 . The decline in magnitude of the scattering 
rate is significant for ions with temperatures T = 10 ,20 or 50 eV. The maximum scattering 
rate occurs at 1.07X10-6 photons s-1 ion-1 (T=1Q eV) and for the 10 and 20 eV ions 
we obtained minimum scattering rates of 3.65 XlO-12 and 5xlO - n  photons s-1 ion-1 , 
respectively. For the 50 and 100 eV ions we get 2.16xlO-9 and 1.75xlO-8 photons s-1 
ion-1 , respectively. To see the effect on a magnetospheric image, we consider a thin region 
in the polar cap defined by the latitude range from Ao=70-80 deg where acceleration of 
the particles is assumed to take place. We assume the spatial distribution of densities 
along the field lines is described by the kinetic model in Sec. 4.5 while parallel velocities 
are obtained using Eq. (4.14). We also assume that the densities are symmetric about 
the equator.
Figures 4.10 and 4.11 show images of 83.4 nm scattered light assuming the only 
source of illumination is sunlight. We recognize that the ionosphere will provide additional 
source of illumination but we have ignored it here in our simulations. Hence, in this 
sense, the 0 + (83.4 nm) intensities are lower limits of what should be expected. Our 
aim in Figs. 4.10 and 4.11 is to show what to expect in the image intensities using 
available information on the ion scattering rates and observations made on the density 
distribution of the ions. The efficiency of the scattering rate for the 83.4 nm line is very 
sensitive to Doppler shifts at certain values of vx and we have shown that in regions where 
bulk acceleration may occur we expect a sudden drop in the emission rate of the ions. 
Although emission rates from the outflowing regions may be small based on our present 
analysis we recognize that it is technologically possible to detect these weak emissions 
given sufficient integration time. Fig. 4.10 also reconsiders the case of Fig. 4.3b when 
Tj|O=10 eV for the outflowing 0 + ions. However, we have included an acceleration region
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in latitudes ranging from 70 to 80 deg and a small parallel electric field (.5 (J.V/m) is 
applied. Fig. 4.10 shows a maximum intensity of 1.05 R and its image structure does 
not vary very much from Fig. 4.3b despite proper accounting o f Doppler shifts due to 
acceleration. However, for pixels described by ETA > 15 deg the image brightness in Fig. 
4.10 is more enhanced than that of Fig. 4.3b indicating that the density model in Sec. 
4.5 results in a higher estimate of the intensities at larger distances from the poles.
In describing Fig. 4.11 we will refer to Fig. 4.10 for comparison purposes. Figs. 4.11a 
and 4.11b show simulated images o f the magnetosphere for the case when T||O=10 and 50 
eV and have maximum intensities of 1.05 and 1.03 Rayleighs, respectively. In Figs. 4.11a 
and 4.11b we have assumed the energization to take place in flux tube regions defined 
by latitudes 70 to 80 deg while in Figs. 4.11c and 4.11d the acceleration region occurs 
at lower latitudes (65 to 75 deg). The results shown in Figs. 4.11c and 4.11d are for the 
cases when T||o=10 and 50 eV, respectively. Figs. 4.11c and 4.l id  also show maximum 
intensities of 1.05 and 1.03 Rayleighs, respectively. We see that the image brightness in 
Figs. 4.11a to 4.l id  has decreased significantly in contrast with Fig. 4.10 in those flux 
tubes where energization occurs. Note, also that for pixels defined by ETA >  10 deg, 
in those flux tube regions where energization occurs, the image brightness in Fig. 4.11b 
(T =  50 eV) is more enhanced than that of Fig. 4.11a (T =  10 eV). Fig. 4.9 shows that 
the scattering rate at T=10 eV decreases faster with vx than when T =  50 eV. A similar 
conclusion holds for Figs. 4.11c and 4.11d, in that the effects of energization in the image 
intensities also show up in flux tube regions at lower latitudes.
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For darity, the images in Figs. 4.10 and 4.11a were obtained by using the same 
density model described in Sec. 4.5 and the same viewing geometry as in Fig. 4.3. In the 
calculation of the ion scattering rate Doppler effects due to vx are taken into account by 
replacing by £j| s in Eq. (4.14) where s is the arc length distance along the field 
lines. The image intensities in Fig. 4.10, however, do not show a significant change in 
brightness in those flux tube regions where energization has been assumed to take place. 
In Fig. 4.11a (also true in Figs. 4.11b to 4.l id )  the ions are energized according to the 
discussion in Sec. 4.6 (see also Fig. 4.9). The image intensities in Fig. 4.11a now show a 
marked decrease in image brightness in those flux tube regions where energization was 
assumed to take place in contrast with that of Fig. 4.10.
4.7 Discussion
In our analysis of the images of He+ (30.4 nm) and 0 + (83.4 nm) we have ignored contri­
butions from the ionosphere and have focused only on regions above 1000 km. Inclusion 
of the scattered sunlight from the ionosphere would increase the total brightness of our 
images for both lines but would not alter the conclusions in this paper. In the images of 
the 83.4 nm line, we also neglected the plasmasphere and the effects o f multiple scatter­
ing. Images of the plasmasphere in both 30.4 nm and 83.4 nm have also been obtained by 
Gladstone (1992). See also Roelof and Mauk (1992). The intensities in the images for 0 + 
are underestimated because we have neglected ionospheric and plasmaspheric sources. 
Gladstone estimated the emissions from plasmaspheric and upflowing 0 + ions to be in 
the range from .1 to 1 R. For the high latitude regions our estimates of the emission rates 
may be reasonable. The ion density models we have used are consistent with observations 
of ion densities.
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(Latitude=70-80 degrees), T= 10 eV
ETA-DEG
Figure 4.10 Magnetospheric image of 0 + (83.4 nm) emissions 
with a small applied parallel electric field. The density distribution 
for outflowing ions is bi-Maxwellian. Acceleration due to a small 
applied parallel electric field (.5 fiY/m) is assumed to occur over 
the latitude range from 70 to 80 deg in the polar cap. The satellite 
has coordinates (0,9,0) and is viewing towards the center of the 
Earth. The Sun is to the left of the figure. The grey scale values 
are in logio(Rayleighs). Compare with Fig. 4.3b.
0.02209
-3.37948
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a) (Latitude=70-80 degrees), T= 10 eV
ETA-DEG
Figure 4.11a Magnetospheric image of 0 + (83.4 nm) emissions 
during disturbed times and acceleration occurs over the latitude 
range from 70 to 80 deg for ions with a source energy of 10 eV. 
Ions are assumed to be energized from 0 eV to 1.6 keV along 
the field lines. Doppler effects due to ion drifts have been taken 
into account. The grey scale values are in logio(Rayleighs). The 
satellite has the same viewing geometry as in Fig. 4.10.
0.02162
-3.37948
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b) (Latitude=70-80 degrees), T= 50 eV
ETA-DEG
Figure 4.11b Magnetospheric image of 0 + (83.4 nm) emissions 
during disturbed times and acceleration occurs over the latitude 
range from 70 to 80 deg for ions with a source energy of 50 eV. 
Ions are assumed to be energized from 0 eV to 1.6 keV along 
the field lines. Doppler effects due to ion drifts have been taken 
into account. The grey scale values are in logio(Rayleighs). The 
satellite has the same viewing geometry as in Fig. 4.10.
0.01242
-3.72896
i
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c) (Latitude=65-75 degrees), T= 10 eV
ETA-DEG
Figure 4.11c Magnetospheric image o f 0 +  (83.4 nm) emissions 
during disturbed times and acceleration occurs over the latitude 
range from 65 to 75 deg for ions with a source energy o f 10 eV. 
Ions are assumed to be energized from 0 eV to 1.6 keV along 
the field lines. Doppler effects due to ion drifts have been taken 
into account. The grey scale values are in logio(Rayleighs). The 
satellite has the same viewing geometry as in Fig. 4.10.
0.02022
-3.40807
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d) (Latitude=65-75 degrees), T= 50 eV
ETA-DEG
Figure 4.11d Magnetospheric image of 0 + (83.4 nm) emissions 
during disturbed times and acceleration occurs over the latitude 
range from 65 to 75 deg for ions with a source energy of 50 eV. 
Ions are assumed to be energized from 0 eV to 1.6 keV along 
the field lines. Doppler effects due to ion drifts have been taken 
into account. The grey scale values are in logio (Rayleighs). The 
satellite has the same viewing geometry as in Fig. 4.10.
0.01053
-3.70953
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We have constructed images from resonant emissions of upward flowing He+ (30.4 nm) 
and 0+  (83.4 nm) ions at high latitudes taking into account the non-uniform flux intensity 
distribution of the source obtained from the Lockheed EICS instrument on board the DE- 
1 spacecraft and also have contrasted the images during quiet and disturbed geomagnetic 
conditions.
An imager viewing at an equatorial distance of 9 Re or more is in a favorable position 
to see the regions of ion outflow. Observations made during times when the plasmapause 
is depressed make conditions favorable in detecting emissions from the outflowing ions. 
However, it is necessaxy to include an occultation disk in the detector to mask the bright 
emissions coming from plasmaspheric He+ (30.4 nm) ions.
A satellite with an orbit attitude configuration similar to that used in Weller and 
Meier (1974) was used to measure emission rates, and maximum intensities obtained are 
low (less than 0.1 R) thus requiring high sensitivity instruments for imaging ion outflows. 
Photometry from polar orbiting satellites at altitudes greater than 1000 km is a means 
of remotely sensing energetic ion outflows.
The large drift velocities of He+ and 0 + ions relative to the sun cause the scattering 
rates of the ions to behave in a different way showing that the scattering rate for He+ 
(30.4 nm) decreases slowly with increasing velocity compared to that of 0 + (83.4 nm) 
ions. When 0 + (83.4 nm) ions are accelerated to velocities from 67 to 78 km s-1 a very 
large drop in the ion’s scattering rate occurs resulting in a very low intensity emission. 
The sudden drop in image brightness is detectable in the simulated images. Note that 
the acceleration of ions in the high latitude regions represents a dynamic process that
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can. be observed in an image of the outflowing ions. We have demonstrated this effect in 
our simulations for the 0 + (83.4 nm) ions.
The emphasis in this paper is placed on the simulation of images of outflowing ions 
assuming the exclusion of the nearby bright plasmaspheric emissions. The data base 
used is confined to that of energetic ion upflows. Total ion data, upflow plus trapped 
populations, are known to be of much higher density, especially in the crucial regions of 
the plasma trough and plasmapause. We plan to examine such data in the near future.
Ion gyromotion has also been neglected in our analysis. We have assumed that 
the ion motion is described mostly by their parallel velocities because our aim is to 
show the maximum effects on the scattering rates due to Doppler shifts along the Sun- 
Earth line. If significant gyromotion takes place with pitch angle equal to 45 deg (for 
instance) the scattering efficiency may increase. Since the scattering rate for He+ (30.4 
nm) decreases very slowly with vx we believe that the effects of ion gyromotion will 
be small. Ion gyromotions using realistic magnetic field geometry (Tsyganenko, 1989) 
and models that include the external convection electric field (Cladis, 1986) should be 
considered in obtaining realistic density profiles in constructing the images, thus allowing 
us to understand better the dynamics of ion transport into the outer magnetosphere 
via the images and hence enhancing our understanding of ionospheric-magnetospheric 
coupling processes.
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Chapter 5 Imaging the Plasmasphere and Trough Regions in the 
Extreme Ultraviolet *
5.0 Abstract
EUV images from emissions of 0 + (83.4 nm) and He+ (30.4 nm) distributions in the 
plasmasphere and trough regions are constructed for a satellite at 9 Re (where R e is 
Earth radii). A diffusive equilibrium model is used to describe the density distribution 
along the field lines for ions in the plasmasphere, and a kinetic collisionless model is 
assumed to calculate ion densities in the high latitude regions beyond the plasmapause. 
In our model of the plasmasphere we assume that ions move along a static dipole field. 
Observational data on 0 + and He+ densities in the ionosphere are used as boundary 
conditions to calculate spatial distribution of densities along the field lines. Assuming  
that the day and night boundary conditions are asymmetric and exobase densities vary 
with latitude we will discuss how this would be reflected in the intensities and structure 
of the magnetospheric images.
*D.E. Garrido, R .W . Smith, D.S. Swift and S-I. Akasofu, R .M . Robinson and Y .T . Chiu, Imaging the 
Plasmasphere and Trough Regions in the Extreme Ultraviolet; Optical Engineering, Vol. 33, pp. 371-382, 
1994
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Satellite observations of thermal ion composition in the near-equatorial plasmasphere 
show the relative abundance of the He+ ion to be typically from 5 to 10 percent and 
sometimes 25 percent or more of the total ion density. These high ion concentrations 
(Horwitz, 1982) increase the feasibility of imaging the plasmasphere from resonant scat­
tering of sunlight at 30.4 nm by He+ . Observations of the He+ 30.4 nm line have been 
obtained by detectors aboard low altitude rockets (Paresce et al., 1974; Weller and Meier, 
1974; Meier and Weller, 1972) and also by the EUV telescope on the Apollo-Soyuz space­
craft (Chakrabarti et al., 1982). The intensities o f the emissions can be explained by using 
a density model of the plasmasphere and knowledge of the scattering rate of the ions. 
However, line-of-sight intensities do not reveal the global nature of the ion distribution. 
In this paper, we study how the global distribution o f ionization will be reflected in the 
images constructed from resonant scattering o f sunlight by He+ (30.4 nm) ions.
Magnetospheric imaging of the Earth’s magnetosphere by resonant scattering at 83.4 
nm by 0 + ions has been discussed in an earlier paper (Swift et al., 1989) and has been 
extended (Garrido et al., 1991) to incorporate realistic temperatures (radiation belt) and 
Doppler shifts (plasmasheet) due to the ions bulk motion relative to the Sun-Earth line. 
Contributions from the plasmasphere were neglected and maximum intensities of a few 
millirayleighs were obtained, indicating that hot plasmas of 0 + ions in the plasmasheet 
and radiation belt are less likely to be detected. Note, however, that undetected cold 
plasma may enhance the intensities considerably.
5.1 Introduction
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Other researchers (Chiu et al., 1990) have also simulated images of outflowing 0 + 
(83.4 nm) ions and neutral 0  (130.4 nm) atoms for a geostationary satellite by means 
o f a uniform flux distribution over the polar regions and have obtained intensities as 
high as 1 rayleigh (R). These simulations were also extended (Garrido et al., 1994) 
by incorporating realistic non-uniform flux intensities, Doppler effects due to ion bulk 
motion, gravitational and rotational effects, variations in plasma temperature and effects 
o f the bright plasmaspheric emissions on the images of the outflowing ions. They also 
constructed images of the outflowing ions from resonant scattering by 0 + (83.4 nm) and 
He+ (30.4 nm) ions for both quiet and disturbed times. The results show that the change 
in intensity is small but the redistribution of intensities is dramatic because of the extent 
in MLT over which the ion fluxes have increased during times of high magnetic activity 
and may represent a good signature of substorm related processes. They also showed 
that the effects of acceleration of 0 + ions on the scattering rate may be detected in the 
images of the outflowing ions. Thus, analysis of the intensity distribution of the images of 
outflowing 0 + ions may give some insights and understanding about dynamical processes 
originating in the high latitude regions of the ionosphere.
Simulated images of the plasmasphere (Meier, 1991) were also constructed from 
resonant scattering by He+ (30.4 nm) ions from different perspectives in the dusk merid­
ian from a satellite viewing at 10 Earth radii (Re). However, only the densities of ions 
bounded by L shells between 3 and 4.25 were considered. Maximum intensities of up to 20 
R were obtained indicating a large amount of ionization present in these flux tubes and 
suggesting that the feasibility of imaging the inner plasmasphere in 30.4 nm emissions is 
favorable.
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In this paper, our aim is to simulate images of the distribution of 0 + and He+ ions 
along closed field lines using realistic ionospheric densities as boundary conditions at the 
foot of the field lines. In the construction of the images we adopt an empirical density 
model that gives values of densities that are consistent with observations. Our model is 
not aimed at replacing self-consistent or hydrostatic models that have been successful 
in explaining physical processes occuring in the plasmasphere. To be self-contained, we 
briefly review the calculation of the scattering rates for both 0 + (83.4 nm) and He+ 
(30.4 nm) ions in Sec. 5.2. In Sec. 5.3 we provide a brief description of the kinetic and 
diffusive equilibrium model for the density. In Sec. 5.4 we discuss relevant observations 
on ion densities and composition ratios for purposes of comparison with our simulations. 
In the remainder of the paper we discuss how the images are constructed and show how 
our choice of boundary conditions and model densities will be reflected in the intensity 
distribution of the images.
5.2 Calculation of Scattering Rate for He+ and 0 +
In the calculation of the scattering rate ie., the number of photons scattered per second 
by each ion for resonance scattering at EUV wavelenghts, knowledge of the shape of 
the solar intensity and absorption cross-section profile is important. For the 0 + (83.4 
nm) emission the calculation of the scattering rate is discussed in detail in connection 
with Doppler shifts (Garrido et al., 1994; Meier, 1990) of the oxygen lines. Due to the 
complex blend of 0 + and 0 ++ lines, Doppler effects due to temperature variations 
and bulk drifts along the Sun-Earth line must be accounted for, and the calculation 
of intensities becomes complex. However, for He+ at 30.4 nm, the calculation of the 
scattering rate is less complicated because the He+ (30.4 nm) emission is a single line.
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Previous calculations of the scattering rate for He+ have only considered contributions 
from the line center, and this was reasonable because the plasma under consideration 
was cold. Since the temperature of the cold ions in the plasmasphere may be higher 
than 10 eV, we must account for temperature effects on the scattering rate. Although 
the largest scattering rates may come from the colder ions, hot ions may enhance the 
overall contribution to the intensities. For the inner regions o f  the plasmasphere, the ion 
temperatures range from 3000-5000 K and slowly rise to values up to 10s K in the trough 
regions. Such temperature characteristics have also been reported (Horwitz et al., 1986; 
Comfort et al., 1988). We show in the foregoing discussions how temperature variations 
can be accounted for in the calculation of the scattering rate, and we also illustrate the 
calculation for stationary He+ (30.4 nm) and 0 + (83.4 nm) ions.
The solar intensity profile for He+ is assumed to be of the form
(t-Fx) =  (ttFx) (5.1)
where the full width at half maximum (FWHM) of the He+ solar profile is AA=.012 nm, 
Ao=30.4 nm (wavelength at line center), and ('nF\)o is the solar flux at line center which 
has a value of 5 .4x l0 10 photons cm- 2s- 1A -1  (Feldman and Behring, 1974; Doschek 
et al., 1974), which is appropriate for solar minimum conditions. The value for solar 
maximum conditions is lx lO 11 photons cm_2s- 1A -1  which is about twice the value for 
solar minimum conditions. The width AA is related to the thermal width AAn through 
the relation
.5AA = v^n2AAn (5.2a)
AAn =  A0^  =  ^ t / ^ L  (5.26)
. c c V m
where un and c are the thermal speed and the speed of light, respectively. The index n
labels quantities of solar origin, k is the Boltzmann constant, m and Tn are the mass and
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temperature of the He+ ions, respectively. From Eq. (5.1)
( lrR )° =  <5 '3>
where Ion is the solar flux in photons cm-2  s-1 . From Eq. (5.2) and the value of AA, we 
get
i o n  =  ( \ / 7 r A A n ) ( 7 r F A ) o
which equals 6 .9xl09 and 1.28X1010 photons cm-2  s-1  for solar minimum and maximum 
conditions, respectively. Note that our derived values compare well with the 30.4 nm flux 
values of Hinteregger (1969) which are 6 x l0 9 and l.lx lO 10 photons cm-2  s-1  for solar 
minimum and maximum conditions, respectively. The absorption cross-section can be 
obtained from
Co = ----- /12 (5.4)mec
where e and me are the mass and charge of the electron, respectively, and /i2=.4162
is the oscillator strength for the He+ transition. Thus, the magnitude of the integrated
cross-section is given by .01102 (cm2Hz). The scattering rate can be calculated from
go =  (xFu)o<to (5.5 a)
and (irFu)o can be obtained from the relation
(* iv )o  = - J g - ,  (5.56)
■y 7T
where
Aun =  =  2.339 x 1012 Hz. (5.6)
A o
Using Eqs. (5.3) and (5.6) we get (tcF ^ o =  1.664 x 10-4  and 3.087xl0-3 photons 
cm -2  s-1  Hz-1  for solar minimum and maximum conditions, respectively. Thus, the 
g-factor or scattering rate for stationary He+ ions has a value go =  1.83 x 10 ~5 and
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3.4xlO -5  photons s-1  ion-1  for solar minimiLin and maximum conditions, respectively. 
To incorporate the effects of temperature variation and bulk drifts of the scattering ions, 
we assume that the absorption line and solar intensity profile to have the form
-(v-Vm )2
a(v) =  a0K0me (5.7)
— (lr - v n  ) -
I(y) — lon^On  ^ 5 (5-8)
where
O^m — /—. (5.9<z)
V^Az/m
kqn ~ .— . (5.96)
V kA i/u
The index m labels quantities of magnetospheric origin and i/m or un are given by Eq. 
(5.2b). They can also be written as
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. U-m V0 2kTm , .
Avm =  v0 —  =  — \ /-------- , (5.9c)c c V m
where v0 is the frequency at line center and Tm is the temperature of the H e+ (30.4 nm) 
ions in the magnetosphere. The Doppler-shifted frequency due to the ion’s bulk motion 
relative to the Sun-Earth direction is given by
Vm =  V o { l  +  ^y). (5.10)
Using Eqs. (5.7) and (5.8) the g-factor can be obtained by integration over the entire
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frequency range
f  oo
g =  I{v)cr(v)dv (5.11)
and the result of integration gives us
(5.12)
where
(5.13)
Finally, Eq. (5.12) can be simplified further as
(5.14)
where go is given in Eq. (5.5a). We illustrate the effects of temperature on the scattering
10 eV. The solar temperature can be calculated from Eq. (5.2) and is given roughly by 
Tn =  1.22 x 106 K. Thus, Eq. (5.14) gives us g =  .9952<fo =  1.825 x 10-5 photons s-1 
ion-1 for solar minimum conditions.
The calculated values of the scattering rates for 0 + (83.4 nm) for T = .l  eV has been 
tabulated (Meier, 1991) and the atomic and solar data needed in the calculation of the 
scattering rate for 0 + have also been discussed (Meier, 1990). We apply the results just 
obtained above for He+ to calculate the scattering rate for 0 + . The solar flux Iq at 83.4 
nm has a magnitude (Hinteregger, 1969) of .67X109 photons cm-2 s-1 for solar minimum 
conditions and the fraction of I q that goes into the 0 + lines is given by the branching ratio 
Pi (Garrido et al., 1991). At solar maximum the flux Hinteregger measured was 1.7xl09 
photons cm-2 s-1 which is about 2.5 times larger than the solar minimum value. For the 
wavelengths Aq{=(83.4462, 83.3326 and 83.2754 nm) the branching ratios and oscillator
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rate when the ions have no bulk drifts. Consider a plasma of He+ ions to have Tm=
strengths are given by 0.121, 0.086, 0.043 and 0.122, 0.0872, 0.041, respectively. The 
FWHM for 0+  is given by AA=.0065 nm, and the thermal width can be obtained from 
Eq. (5.2). We illustrate the calculations for the wavelength Aoi =83.4462 nm. The solar 
flux at line center is calculated from Eq. (5.5b) where Ion =  Iopn and n = l, 2, 3 refers to 
the three wavelengths described above. For n = l, we have
a c a \ c -5AAAz/j a 2 *^  71 — To i
•^ 01 ^01 Vrn2
or
li
121
A vx =  1 . 6 8 2  x  1 0 1 1  H z .
Thus,
_  (.67 x  109)(.121)
(ttF ^ o ^ l 682x 10h
=  2.72 x  10-4 photons cm-2 s-1 Hz-1
Using the oscillator strength /i= .122, the absorption cross-section in Eq. (5.4) is now 
given by cr0 =  3.23 X 10-3 cm2 Hz. Hence, the scattering rate is given by
<7i =  (xF v)o<7o = 8.79 x  10- ' photons s-1 ion-1 .
Similarly, for A02 and A03 we obtained g-factors of 4.46 X 10-7 and 1.26 X 10-7  photons 
per second per ion, respectively. Thus, the total scattering rate for stationary 0 + is 1.45 
x l O - 6  photons s-1 ion-1 . The effects of temperature variation and plasma bulk drifts 
on the scattering rate for 0 + and its effect on the magnetospheric images are described 
in an earlier work (Garrido et al.,1991).
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5.3 Calculation of Densities
For the calculation o f intensities used in constructing the images o f the plasmasphere 
we need a density model that gives values of the ion densities that are consistent with 
observations. We will describe both the kinetic and fluid models below. We also describe 
briefly the main results o f the two models and show in later sections that the kinetic 
model is appropriate in describing plasmas outside the plasmapause or in the trough 
regions, and a diffusive equilibrium model gives ion densities that are consistent with 
observations made inside the plasmasphere.
Kinetic Description
In describing the density profile o f the ions along the field lines beyond the plasma­
pause, we adopt a kinetic model (Huang and Birmingham, 1992) that assumes the particle 
velocity distribution function to be a bi-Maxwellian at a reference point with a given par­
allel and perpendicular temperature. Liouville’s Theorem with the conservation of energy 
and magnetic moment allows us to calculate the density distribution everywhere along 
the field lines. Also, in the analysis o f the dynamics of charged particles in a rotating 
magnetosphere (Northrop and Birmingham, 1982) one can show that the conservation 
of energy can be expressed in the form
vl =  v2 + — <f>o) +  A v2, (5.15a)
where
and
A v2 =  —Qr(r2cos2 A — VqCos2 Aq) +  2Co(l — ^ -) (5.156)
Co =  — , (5.16)
ro
where r0 defines the ionospheric boundary, which we assumed to be at an altitude of 1000
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km, e and 4> axe the electron charge and potential, respectively, m is the ion mass, v is 
the velocity, G is the gravitational constant, M is the Earth’s mass, A is the latitude, and 
Q, is the angular frequency of the Earth’s rotation. The subscript ’0’ refers to quantities 
defined at a reference point which we define to be in the ionosphere at 1000 km. From an 
analysis o f the distribution function (Huang and Birmingham, 1992) one can also show 
that the parallel temperature remains constant, ie.
T { =  i f ,  (5-17)
and the perpendicular temperature varies along the field line as
123
f t +  ( 1 - - 4 ) f r  (« • * >
l'y30 v To
• * * where Jq =  J 2-, rj =  and T|0, Tj_0 are parallel and perpendicular temperatures while
Bo is the magnetic field at the reference point, respectively. The density distribution
along the field line can be written as
nj = no j ^ r ^ - [ Z Xj +  (S-19)
JLO ZK1\\0
where n0j  is the source density and Xj =  ■ The index j labels the paxticle speciesf c i ||0
and Z=1 for ions and Z = -l for electrons.
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Previous researchers (Chiu et al., 1979; Li et al., 1983) have discussed fluid models 
describing plasma flow along magnetic field lines pointing out the importance of the 
magnetic mirror force in describing the spatial distribution of densities; however, the 
anisotropy in the fluid properties of the plasma have not been accounted for. When the 
plasma is isotropic (Comfort, 1988) the effects of the mirror force cancel out. However, in 
a plasma that possesses a temperature anisotropy the effects o f the mirror force will be 
evident in the magnetic scaling factor present in the expression for the density profile of 
the ions. This result can be derived from the parallel equation of motion for the ions but 
we need not pursue this matter here. In Comfort’s analysis, he showed that the parallel 
equation of motion for the plasma is given by
nm ^Tt + v - W ) ,  =  » F - i -  (5.20)
where n is the number density, m is the mass of species, p\\ and p± are the parallel 
and perpendicular pressures, s =  ^  is the unit vector along the field line and F is the 
net nonmagnetic force. We consider the case of diffusive equilibrium (v=0) for plasmas 
in flux tubes from the ionosphere all the way to the equatorial plane. If the plasma is 
isotropic, then py =  p± and Eq. (5.20) becomes
nF • s — =  0. (5.21)
Thus, the effect of the magnetic mirror force cancels out. The gravitational and centrifu­
gal forces are given by
= (_  CMmj . + mj£i2rco s\p^ (5.22)
where the unit vector p — x cos <f> +  y sin <t>. The orthogonal unit vectors (x ,y ,z )  define 
directions along the solar magnetospheric (X,Y,Z) axes with the + X  pointing towards
124
Fluid Description
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the Sun and the Y  axes lies in the dawn to dusk plane and the + Z  axes points along 
geographic north. The net nonmagnetic forces combined with the electrostatic forces give 
us
rijS • F =  rij^ZjeE — ), (5.23)
where E is the parallel electric field and / /  is the component of the combined gravitational 
and rotational forces in the direction of the magnetic field and is derived in the next 
discussion. Note that if we assume that the plasma is isotropic, we arrive at the result 
for the density profile,
rai =  7* o i ^ exP [ /  7 ( 5 . 2 4 )  1 1| J so Kl |
which is the classical expression obtained for a diffusive equilibrium model. The subscript 
zero labels quantities at the reference point. However, to obtain the density variation 
along the field lines, we need to specify a magnetic field model and a temperature struc­
ture, and the polarization electric field can be obtained by imposing the condition that 
charge neutrality holds everywhere along the field line, ie.,
ne =  ^  nj. (5.25)
j
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Gravitational and Rotational Forces
In our present model we have assumed that the rotational and dipole axis are coin­
cident. The expression for the forces along the magnetic field (gravitation plus rotation) 
has been obtained for a dipole model (Angerami and Thomas, 1964) where the expression 
for the force has been obtained for the case when the field line is in the noon-midnight, 
plane. Since the dipole field is symmetric about the polar axis, the results are valid, in 
general, for any azimuth. However, care must be exercised when working with field mod­
els that account for the bending of the magnetic field lines (Tsyganenko, 1989). At any 
point with coordinates (r ,9 , ©), the force vector is given by Eq. (5.22) and the component 
o f the force in the direction of the magnetic field is given by
r j  n  -  GM  Br _ 2  \ F p  . .f i  =  f  j  - s  =  —m j — — —  +  m j i l  r  cos A — p ,  (5.26)
r -  n  J3
where
Br =  B  • r (5.27a)
B p =  B • p =  cos 4> Bx +  sin (f> By. (5.276)
Thus, the expression for the force can be written as
G M  Bt o f Bx . Bv . . ./ f  =  - m j — — —  + m jQ-r cos A(cos<£—  +  sm<?!>-A). (5.28)r- _£> H Jt>
For the case o f a dipole, the magnetic field components are given by
Br =  ^ ( —2cos0) (5.29a)
5 e =  ^ £ ( - s in 0 )  (5.296)
=  0, (5.29c)
where M q is the magnetic moment. We can also show the following results:
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B =  (B2r +  Bj +  B\ ) i  =  ^ A  (5.30a)
where
A =  (1 +  3cos2 Q)% (5.306)
and
f l  =  cos  ^— 3TtijOrr sin2 9 cos 9], (5.31)
which is similar to a previous result obtained by Angerami and Thomas, (1964) apart 
from the mass term mj.
5.4 Observational Data
Our current understanding of the distribution of ions of ionospheric origin within the 
Earth’s inner magnetosphere has been made possible with measurements obtained from 
the energetic ion composition experiments on spacecrafts such as GEOS, SCATHA, ISEE, 
and Dynamics Explorer (DE). Also, cold plasma of ionospheric origin have been observed 
with ion mass spectrometers on the OGO-1 and OGO-5 spacecraft (Taylor et al., 1965; 
Chappell, 1972).
For purposes of comparison with our simulations, we examine the plasma density 
profile (Horwitz et al., 1981) shown in Fig. 5.1 plotted vs L shell. Data were obtained 
for the outbound ISEE 1 passes on December 4 (day 338) and (day 341), 1977. In the 
upper panel of the Fig. 5.1, the Kp index is plotted versus universal time (UT). For the 
December 4 pass, the Kp index is moderately high (about 3+) while the December 7
pass Kp is low (less than 1). The density profiles are shown as dashed and solid curves,
respectively. The steep density gradient at L=4 defines the plasmapause within which 
densities are large and of the order from 100 to 1000 ions cm-3 . For the dashed curve
127
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Figure 5.1 Plasma density profiles for two successive ISEE 1 
outbound passes in the postmidnight sector. The Kp history vs 
UT is shown in the upper panel of the figure (Horwitz et al., 
1981).
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Figure 5.2 Density profile versus L shell for the ions H+ , 0 + and 
0 ++ . The temperature structure for H+ is also shown (Chandler 
et al., 1988).
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outside of L=4 the flux tubes are depleted of ions, and for the solid curve the flux tubes 
are filled with plasma. The steep density gradient in the density profile is a characteristic 
feature during periods of high magnetic activity, and the profile defined by the solid curve 
is characteristic o f long quiet times. Our aim is to simulate conditions during disturbed 
times.
The density profile (Chandler et al., 1988) shown in Fig. 5.2 represents plasma 
observations of ion composition, density, and temperature at high altitudes obtained 
from the DE 1 retarding ion mass spectrometer instrument. The densities o f the H+ , 0 + 
and 0 + + ions are plotted versus L shell. The data were taken for L values of 2.2, 2.5 and 
3 on October 23, 1981 at approximately 21 hours magnetic local time. The density ratio
varied roughly from 0.5 to 1 for L shells less than 3 and is equal to 1 for L between 
3 and 4.
The heavy ion and light ion density ratios (Comfort et al., 1988) ^  and are 
shown in Figs. 5.3a and 5.3b, respectively. The data are averaged values obtained from 
more than 100 transits of the plasmasphere by DE 1 in two local time regions defined by 
the morning side (7 to 11 hours) and evening side (18 to 22 hours). The measurements 
were obtained during a period of high solar activity and moderate but variable magnetic 
activity.
In constructing magnetospheric images that include the plasmasphere and trough 
regions, we adopt the ionospheric densities previously reported by Hoffman et al. (1974). 
The ion densities for 0 + , He+ , and H+ were measured in a nearly constant altitude of 
1400 km. The ion densities are shown to vary over latitude from pole to pole in both 
day and night sectors. We use the data as boundary values in the calculation of densities 
along field lines. In our simulations we define our exobase densities to lie on field lines 
that intersect L shells between 1.52 and 8.25. In latitude they translate from 29 to 68 deg.
130
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Figure 5.3a Mean profiles of density ratios 0 + /H + . See Comfort 
et al, 1988.
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Figure 5.3b Mean profiles of density ratios He+ / H+ . See Comfort 
et al, 1988.
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In our model we assume that ion densities are symmetric with respect to the equator. 
To illustrate the effects of the asymmetry for day and night conditions, we adopt the 
daytime and nighttime concentrations of the upper hemisphere shown in Figs. 5.4a and 
5.4b,respectively. Figure 5.4a shows that 0 + is the dominant ion for latitudes greater 
than '20 deg and has an almost constant value at 104 ions cm-3 all the way up to the 
poles, in contrast to the He+ and H+ ions, which show a steep gradient at about A0=50 
deg or roughly at L=3 suggesting a plasmapause boundary.
Note that for the latitude range assumed, the He+ and H+ ion concentrations follow 
an almost identical profile with a density ratio almost at 0.1. It seems that such 
ratios are also maintained at the equator. It still remains an open problem why such 
characteristic ratios consistently exist in the plasmasphere. Figure 5.4b also shows a 
similar steep gradient at L=3 in the density for the He+ and H+ ions. Note that below 
Ao=50 deg, He+ becomes much more dominant than 0 + . Inside the plasmapause, the 0 + 
concentration is depleted but starts increasing with latitude beyond the plasmapause. 
Note that such depletions of plasma could result in a dim region within the plasmasphere 
if imaged under 83.4 nm light. We will discuss more on this topic in a later section.
5.5 Boundary Conditions
The kinetic model adopted here may be compared with the kinetic models reviewed 
elsewhere (Lemaire and Scherer, 1974). In constructing the magnetospheric images from 
emissions coming from regions beyond the plasmapause, the kinetic model (Lemaire and 
Scherer, 1974) is applicable but requires more computational labor than the model we 
describe in this paper, and will be considered in a future study. To serve our motivation, 
we briefly review some of their results that axe useful in our analysis and construction
133
Reproduced with permission of the copyright owner. Further reproduction prohibited without permission.
IO
N 
CO
N
CE
N
TR
AT
IO
N
 
(
ion
 
/c
m
134
Figure 5.4a Pole-to-pole plot of daytime ion densities. Northern 
summer is to the left and winter (south) is to the right. Local time 
is 1713-1810. Satellite altitude is essentially constant at 1400 km 
(Hoffman et al., 1974).
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Figure 5.4b Pole-to-pole plot of nighttime ion concentrations. 
Summer is to the right and winter to the left. Local time is 0500 
(Hoffman et al., 1974).
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of the images. Reference to Fig. 5.5 shows the latitudinal variation of the ionospheric 
densities for 0 + and H+ obtained by the 0G 0-6  polar orbiting satellite at an altitude 
that varied from 700 to 1100 km. The magnetic conditions at the time of measurement 
indicated a Kp index of 0+ . Using the ionospheric densities as boundary conditions 
and adopting a kinetic as well as diffusive equilibrium model to calculate equatorial 
densities for the H+ ion, the results of their simulations as shown in Fig. 5.6 indicate 
that the diffusive equilibrium model gave substantially larger values of the equatorial 
density than that obtained from a kinetic model. The calculations were compared with 
measurements of H+ equatorial density obtained by the OGO-5 satellite. The magnetic 
conditions at the time of measurement indicated a Kp index of 4, and the density profile 
reflected a plasmapause boundary value equal to 3.5. Although the magnetic conditions 
were different at the time of measurement of the ionospheric and equatorial densities, 
the results o f their simulations are in good agreement with the observations. The results 
showed that the diffusive equilibrium model values are in agreement with observed values 
for L shells below the plasmapause and the kinetic model values are in approximate 
agreement for equatorial distances beyond the plasmapause. This analysis suggests the 
validity of the kinetic model in describing the spatial densities in the trough regions and 
the diffusive equilibrium model to be applicable in regions within the plasmapause. Thus, 
theoretically one can infer the plasmapause boundary by noting the point at which the 
equatorial density of H+ show a sharp decline in magnitude.
136
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Temperature Boundary Conditions
For the temperature profile in the plasmasphere, we adopt the following expression 
(Chiu et al., 1979),
r|l(s) =  r ,o  +  r I( l f i ) » ( | ) '> ,  (5.32)
Lq I
where T||o=2000 K, Ti=2500 K, a=.5, /3=.5, Lq=2. Also 1 is the length of the field line 
measured from the ionosphere to the equator and, s is the distance along the field line 
defined to be positive as measured from the ionosphere. The parameters a, {3, Lq or Ti 
can be chosen in such a way that T||(s) fits with observation at the equator. We also 
assume that the temperature of the ions is the same and the temperature boundary 
values are given by Tyo and are symmetric with respect to the equator. The temperature 
profile in Eq. (5.32) gives values from 3000 to 5000 K in the inner plasmasphere and is 
consistent with previous measurements (Horwitz et al., 1986). For the trough regions, 
the He+ ion is assumed to have T=1 eV, 0 + has T=10 eV, and H+ has T=1 eV. Here, 
jT||0 is defined as T  and for the anisotropy term we take 7q=2 for both H+ and He+ ions.
5.6 Empirical Model Results
The density profile for H+ vs L shell using the boundary conditions shown in Figs. 5.4a 
and 5.4b axe plotted in Fig. 5.7. The solid curve refers to densities calculated using 
daytime boundary conditions, and the circles denote densities calculated using nighttime 
conditions. In both curves, the plasmapause boundary occurs at L=3. The densities for 
H+ and He+ inside L=3 were obtained using the model density described by Eq. (5.24) 
and using the boundary conditions in Fig. 5.4. For densities above L=3, the kinetic 
model described by Eq. (5.19) in Sec. 5.3 was used. In both models the ambipolar electric 
field E was calculated by assuming that the charge neutrality condition to be satisfied
137
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Figure 5.5 Variation of exobase densities of 0 + and H+ ions with 
latitude from OGO 6 made on September 23,1969. The Kp index 
was low (Lemaire and Scherer. 1974).
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Figure 5.6 Effects o f the variation o f exobase densities with lat­
itude. Diffusive equilibrium and kinetic models are shown by the 
upper and lower set o f curves, respectively (Lemaire and Scherer, 
1974). Shaded region defines the plasmasphere.
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everywhere along the held lines. The calculated density ratios for day and night 
conditions are shown in Fig. 5.8. The density ratios are larger in the evening case than 
in the day case. This seems reasonable because the nighttime ion concentrations in the 
ionosphere are much higher than their daytime counterparts. The range of values for 
the ratios varies from 0.02 to 0.8 with lower ratios obtained for larger L shells. The 
composition ratios shown in Fig. 5.8 are within the range of measured values shown 
in Fig. 5.3 despite the sudden decrease of the ratios at the trough in Fig. 5.8. Also, 
OGO-5 profiles (Harris et al., 1970) and OGO-1 profiles (Taylor et al., 1965) have shown 
consistently that for L less than 2.5, ~  0.1 and for L greater than 2.5, ~  0.01,
thus, our results are consistent with observations.
For the 0 + ions, we treat this case separately. Note that the 0 + ions have densities 
which are large compared to H+ and He+ so that a straightforward application of the 
diffusive model o f Sec. 5.4 would give large values for the densities at the equator. To 
be consistent with the density profile shown in Fig. 5.2 for 0 + , we assume that the 0 + 
densities obey the hydrostatic law
n =  n0exp[— ^  , r°^1, (5.33)h
where h is the scale height, no is the source density, ro defines the ionospheric boundary, 
and r is the radial distance. Both distances are measured from the center of the Earth in 
units o f Earth radii. For the day boundary condition we assume a scale height of 2400 km 
for densities inside L=3 and above L=3 we assume n (0 + ) =  n(H + ) for simplicity in ac­
cordance with Fig. 5.2. Note that our night boundary conditions, which show a depletion 
of 0 +  ions, do not fit the observations shown in Fig. 5.2. Although the data shown in Fig. 
5.2 were obtained for the evening sector, they are suitable for comparison purposes with 
our calculations using the day boundary conditions. For nighttime boundary conditions,
140
Reproduced with permission of the copyright owner. Further reproduction prohibited without permission.
n(H
+) (
ions
/cc)
141
L ( R e )
Figure 5.7 H+ density profile versus L shell. Results for day and 
night are shown by the solid and dashed curves, respectively. The 
model was diffusive inside L=3 and kinetic outside.
Reproduced with permission of the copyright owner. Further reproduction prohibited without permission.
n(H
e*)/
n(H
+)
142
I
!
L(R.)
Figure 5.8 He+ and H+ density ratio profiles versus L shell. Re­
sults for day and night are shown by the solid curve and circles, 
respectively. The model was diffusive inside L=3 and kinetic out­
side.
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we assume h=2600 km inside L=3 and h=2000 km outside L=3. The density ratio 
using the preceeding assumptions is plotted in Fig. 5.9 in circles. The results shown in 
Fig. 5.9 seem to be consistent with the observations plotted in Fig. 5.3a up to L shells 
equal to 6.
5.7 Images of The Plasmasphere in the EUV Region
Simulated images of the plasmasphere as seen in the wavelengths 83.4 nm and 30.4 
nm from resonant scattering of 0 + and He+ ions are shown in Figs. 5.10 and 5.11, 
respectively. The images are obtained by simulating a detector with a 50x50 pixel field of 
view and a resolution of 2 deg. The column integrated intensity in Rayleighs (R) along 
a given line-of-sight direction with line element ds is
Air I  =  j  e~T p(9)g n(r) ds x  10-6 (i?) (5.34)
where I is the column integrated intensity (photons cm-2 s-1 ), r  is optical depth, p(0) 
is the phase function, g is the scattering rate (photons per second per ion), and n is 
the number density in cm-3 at position r. The scattering phase function reflects the 
anisotropy of scattered radiation and is given by
p{6) =  1 +  l/4 (2 /3  -  sirr9) (5.35)
for He+ (30.4 nm) where 6 is the angle between the incident direction (Sun-Earth) and 
scattered radiation in the direction of the observer (Brandt and Chamberlain, 1959). We 
assume p{6) is unity for the 83.4 nm radiation. Since the magnetosphere is optically thin 
above 1000 km to 30.4 and 83.4 nm radiation, r  can be set to zero. In the calculation of 
intensities we neglect multiple scattering.
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Figure 5.9 Density ratio profile vs L shell for 0 + and H+ ions. 
The circles represent density ratios calculated using nighttime con­
ditions.
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In the construction of plasmaspheric images we assume a satellite at a distance 
of 9 Re located in the dusk plane with a view toward the center of the Earth. Note 
that solar illumination is to the left of the figures. The satellite configuration has the 
advantage of showing the day and night as well as pole-to-pole asymmetries that may be 
evident in the intensity distribution of the images. Figure 5.10 shows simulated images 
of the plasmasphere and trough regions in 83.4 nm wavelengths for day (left side) and 
night (right side) conditions, respectively. Note that the image intensities are brighter in 
the day than in the night sector indicating a larger scattering source of 0 + ions. The 
sudden change from bright to moderate brightness in the near- Earth regions reflects the 
density fall-offs due to the ion scale heights we have assumed in the model. Maximum 
intensities as high as 12 R are obtained during the day. Moderate intensities from 1 to 
5 R dominate the inner plasmasphere and the extent of the plasmapause falls within 
the half-angle field of view of about 8 deg measured vertically and 20 deg horizontally. 
Outside the plasmapause the intensities are of the order of a few millirayleighs to tens of 
millirayleighs. The left side of Fig. 5.10 shows that the inner regions of the plasmasphere 
are dim and the intensities seem to increase gradually with latitude, reflecting the same 
parallel increase in the ionospheric source density with latitude as shown in Fig. 5.4b.
Simulated images of the plasmasphere in 30.4 nm wavelengths are shown in Fig.
5.11 for the day (left side) and night (right side ) conditions, respectively. It is evident 
that the image is brighter in the night sector than in the day reflecting a large amount 
of cold H e+ (30.4 nm) ions contained in the inner plasmasphere. A maximum intensity 
of 37.8 R and a minimum intensity of the order of 1 mR were obtained. The relative 
brightness in the images is also consistent with the density ratio profile shown in Fig. 
5.8, indicating a higher ratio in regions within the plasmapause.
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Note also that in the images for both 0 + (83.4 nm) and He+ (30.4 nm) ions the shad­
owing of the plasma behind the Earth is also evident. The dim region in the night sector 
of Fig. 5.10 is dne to the depletion of 0 + ions, and in Fig. 5.11 the relatively brighter 
intensities in the night sector reflect the effects of the nighttime boundary conditions, 
which are much higher than the day boundary conditions. We also have neglected the ef­
fects of asymmetry in the boundary conditions of the northern and southern hemisphere 
as well as its variation with longitude.
5.8 Future Prospects
Inherent in the study of imaging in the EUV region is the goal of understanding the un­
derlying physical processes that would explain the distribution of 0 + and He+ ions that 
resonantly scatter at 83.4 and 30.4 nm wavelengths. Such processes may implicitly be 
reflected in the distribution of intensities in the images. We also want to emphasize the 
importance of using appropriate boundary conditions. As previously discussed (Lemaire 
and Scherer, 1974) in Sec. 5.6 we were able to show reasonable agreement between equa­
torial H+ densities measured when the magnetic activity was moderately high and model 
densities calculated using ionospheric boundary conditions obtained when the magnetic 
activity was low. This may, however, lead to difficulties in the interpretation of observed 
data. A plasmaspheric model (Waite et al., 1984) was developed and aimed at under­
standing the enhanced He+ ion concentrations observed in the equator. The observed 
plasmapause boundary during the time of measurement was at L=4 as reflected in the 
averaged data (Hoffman and Dodson, 1980) from ISIS 2. Model calculations of densities 
for H+ , He+ and 0 + incorporating effects of thermal diffusion (Schunk and Walker, 1969) 
were made using the ISIS 2 data as lower boundary conditions, and their results were
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Figure 5.10 Image of the plasmasphere in resonantly scattered 
emissions by 0 + (83.4 nm) ions. The left side refers to the day 
sector and the right side refers to the night sector. The image was 
constructed from a satellite at 9 Re in the dusk sector and viewing 
towards the center of the Earth. The gray scale bar is in base 10 
log values. The maximum and minimum intensities are about 12 
R and a few millirayleighs, respectively.
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Figure 5.11 Image of the plasmasphere in resonantly scattered 
emissions by He+ (30.4 nm) ions. The left side refers to the day 
sector and the right side refers to the night sector. The image was 
constructed from a satellite at 9 Re in the dusk sector and viewing 
towards the center of the Earth. The scale bar axe in base 10 log 
values. Maximum and minimum intensities are about 38 R and a 
few millirayleighs, respectively.
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compared to equatorial values of density ratios obtained from ISEE 1 experiments. 
The ISEE 1 measurements at that time indicated a plasmapause boundary that was far 
out, nearly L=7.5. Thus, the lower boundary conditions have to be adjusted to higher 
invariant latitudes. The results of the analysis have shown mixed success in explaining 
the density ratios. We want to point out that ion densities for He+ , H+ and 0 + in the 
ionosphere and their corresponding values at the equator measured simultaneously are 
appropriate boundary values that may provide a realistic estimate of the structure and 
intensity distribution of the magnetospheric images. Since simultaneous measurements 
of the ionosphere and plasmasphere are rare (Horwitz et al., 1986), averaged data under 
similar conditions (ie. magnetic activity, etc.) for the ion densities in the ionosphere and 
equator may be adequate for use in estimating the density falloffs or ion scale heights 
along field lines. Thus, for instance in the simulated images constructed for the 0 + (83.4 
nm) ions, our assumptions regarding the ion scale heights may vary depending on avail­
able data. We plan to use a more extensive data set in a future analysis. We also note that 
contributions from energetic ions with energies greater than 10 eV have been neglected 
and their overall contributions to the intensities may be considerable, especially in the 
high latitude regions (Garrido et al., 1994).
5.9 Conclusions
We have simulated images of the plasmasphere and trough regions from resonant scat­
tering by 0 +  (83.4 nm) and He+ (30.4 nm) ions that incorporate realistic boundary 
values, variation of the exobase densities with latitude and realistic ion temperatures. 
A  maximum intensity of 12 R was obtained for 0 + and about 38 R was obtained for 
He+ . Because of these high intensities imaging in both 83.4 and 30.4 nm wavelengths
149
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is feasible. However, the larger scattering rate of cold He+ ions and the almost stable
Spi density ratios (suggestive of enhanced He+ ion concentrations) in most regions in
the plasmasphere make imaging using 30.4 nm light more favorable than imaging at 83.4
nm.
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Chapter 6 Inversion of Photometric He+ (30.4 nm) Intensities to 
obtain He+ distributions *
6.0 Abstract
Radiation from He+ at 30.4 nm, which is emitted close to the Earth, comes from three 
distinct regions; the ionosphere, the plasmasphere and the polar cap. Published obser­
vational data on He+ 30.4 nm have shown that the intensities from polar regions are 
relatively smaller than the other regions. Polar emissions are believed to be due to reso­
nance scattering of sunlight from ions flowing away from the ionosphere. A 1982 rocket 
flight from Poker Flat, Alaska has shown that line-of-sight 30.4 nm emission rates axe 
relatively strong in the direction of the pole. Since the roll of the rocket afforded many 
different observing directions, we have used the variety of viewing geometries to extract 
ionospheric source densities from the photometric intensity data assuming that the He+ 
ion densities vary with distance along dipole field lines according to a particular func­
tional form. A least squares inversion method is used to extract the source densities. 
The results give density variations over a range of latitudes including samples from each 
of the regions mentioned above. The results show the presence of a trough in both the 
southern and northern hemispheres for the first period of the rocket’s rotation and the
*D.E. Garrido, R .W . Smith, C.A. Marsh, A.B. Christensen, and S. Chakrabarti, Inversion o f Pho­
tometric He"*" (30.4 nm) Intensities to obtain distributions; submitted to Optical Engineering, 1994
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density varied rapidly for other periods of rotation. The results also show enhanced ion 
concentrations near the polar cap.
6.1 Introduction
Observations of the He+ 30.4 nm line have been obtained by detectors aboard low alti­
tude rockets (Paresce et al., 1974; Weller and Meier, 1974) and also have been observed 
by the extreme ultraviolet telescope on the Apollo-Soyuz spacecraft (Chakrabarti et 
al., 1982). The intensities of the emissions can be explained by using a density model 
for the plasmasphere and knowledge of the scattering rate of the ions. In studies of 
plasmasphere-ionosphere coupling (Horwitz et al., 1990) satellite observations o f ther­
mal ion composition were made and compared directly with calculations of ion density 
profiles using the field line interhemispheric plasma (FLIP) model (Richards and Torr, 
1988; Newberry et al., 1989). The model shows general agreement with observations. We 
will use results consistent with the FLIP model as a guide in the analysis of observed 
intensity data.
Photometric measurements of optically thin emissions provide emission rates inte­
grated along the line-of-sight. The problem of obtaining volume emission rates from the 
measured intensities in some observational scenarios is related to the technique known 
as tomography. The technique is applied in such areas as remote sensing and medical 
computerized tomography. The methods of analysis vary in mathematical approach such 
as the Cormack inversion (Cormack, 1963; 1964), Radon Transforms (Ghosh Roy, 1984) 
and algebraic reconstruction techniques (Herman, 1979). However, the method of sam­
pling many line integrals of the emission function is common to all these techniques in 
that the many line-of-sight integrations are obtained at various locations. A tomographic
Reproduced with permission of the copyright owner. Further reproduction prohibited without permission.
method using the Cormack inversion has been used in the analysis o f photometric mea­
surements of atmospheric airglow from orbit (Solomon et al., 1984; 1985). Tomographic 
experiments, although important, make space-bome applications impractical and very 
expensive. In this paper we propose a least squares inversion method from which the 
density distribution of ions can be obtained from the observed intensities for the case 
when a rocket moves in space and has a rolling motion. This geometry has the advantage 
that many observation directions allow the sampling of many spatial regions that include 
the ionosphere, plasmaspheric and trough regions and the regions o f ion outflow in the 
polar cap. If the average behaviour of the plasmasphere does not vary rapidly over one 
period of rotation of the rocket then our method provides a way of obtaining He+ ion 
densities at a chosen reference height (500 km). The extent of the distribution covered 
many latitude regions that include both the northern and southern hemisphere.
6.2 Photometric Intensity Profiles
The intensity profile vs zenith angle during one period of rotation (29.5 seconds) obtained 
from an EUV photometer at 30.4 nm from a rocket which reached an altitude of 435.7 km 
flown in 1982 from Poker Flat Range, Alaska. The rocket flight viewing geometry showing 
representative line-of-sight vectors is shown in Fig. 6.2. We defined cartesian (X i,F i)  
coordinates fixed with the rocket but are not shown. The vertical Y\ axis .represents 
the upward zenith direction and /3, the zenith angle is measured clockwise. (3=0 is in 
the zenith and the horizontal positive X\ axis defines the (3=00 deg position and is 
directed towards the northern pole. For an observer viewing down the figure, the rocket’s 
spin is clockwise starting at /?=90 deg. The dashed curve represents the raw intensity 
profile while the solid curve represents the smoothed intensity profile. Our analysis will
157
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Figure 6.1 Photometric He+ (30.4 nm) Intensity vs Roll Angle. 
The solid curve (loop 1) is the smooth profile while the dashed 
curved (loop 2) is the raw data.
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be concerned only with large scale phenomena, hence, we will use the smoothed curve 
shown in Fig. 6.1. A maximum intensity of 9.8 R (where R means rayleigh) occurs at 
/?=80 deg viewing towards the northern hemisphere while a maximum intensity of 7.6 R 
occurs at /3=-94.7 deg viewing towards the southern hemisphere. For observation angles 
in the negative Y\ axis the rapid decline in the intensities begin at /?= 114 deg continuing 
down to /3=180 (also -180 deg) and then until /3= -110 deg from which the effects of the 
Earth’s occultation are present. We shall investigate the variation of the ion densities 
with altitude in their respective flux tubes in the different regions of space that will 
reproduce the line-of-sight emission rate profiles shown in Fig. 6.1.
We start our analysis by assuming that the ionosphere is divided into 25 different 
latitude regions each having a width in degrees as defined below. Their respective base 
densities are defined at an altitude of 500 km and we assume that they act as ionospheric 
source densities. The regions are broken down as follows:
{Latitude Range (Deg), Source Label)
159
z > 0, (Night)
(85 < A0 < 90, 1)
'oo o IA o A 00 o\ 2 )
(70 < A0 < 80, 3)
(68 < A0 < 70, 4)
(65 < A0 < 68, 5)
(63 < A0 < 65, 6)
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(60 < A0 < 63, 7) 
(55 < A0 < 60, 8) 
(50 < A0 < 55, 9)
2 <  0, (Night)
(-6 0  < A0 < -5 0 , 10)
(-6 2  < A0 < -6 0 , 11)
( -6 4  < A0 < -6 2 , 12)
(-6 6  < A0 < -6 4 , 13)
(-6 8  < A0 < -6 6 , 14)
(—rO < Ao < —68, 15)
(-8 0  < A0 < -7 0 , 16)
z > 0, (Day)
(86 < A0 < 90, 17)
(83 < A0 < 86, 18)
(80 < A0 < 83, 19)
(77 < A0 < 80, 20)
(74 < A0 < 77, 21)
(72 < A0 < 74, 22)
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(70 < A0 < 72, 23)
(68 < A0 < 70, 24)
(65 < A0 < 68, 25)
Also, the shadow region where the scattering rate is assumed to be zero is defined by 
—50 <  A0 < 50 and —89 < Ao < —80 for X>0. The rocket is located approximately at an 
altitude of 435.7 km, 0=24.1 and 0=167.25 deg (in geographic coordinates). The choice 
for the number and width of source regions is arbitrary. We have chosen the number of 
source regions to be 25 and we label the unknown source densities raoj where 1=1 to 25 
which are values at an altitude of 500 km. The base of the flux tube is set at 100 km and 
the density everywhere within the flux tube can be obtained from raj =  rao/0j(s) where 
the shape function Oi(s) may be an increasing or decreasing function of the arc length s 
within a given flux tube. In one rotation period of the rocket there axe 148 intensity data 
points, thus leading to the problem of inverting a 148x25 matrix. Thus, preparatory to 
the analysis o f inverting a 148x25 matrix equation we define the roll angles shown in 
Fig. 6.2 and label them by the index m. The roll angles equal to 89.647 and 91.82 deg 
are labeled by m = l and m=2, respectively. Also, the roll angle equal to 109.532 deg is 
labeled by m=9 and is also grazing the Earth in the northern hemisphere. The roll angle 
of -109.567 deg defines the line-of-sight directed towards the southern hemisphere and 
almost grazes the surface of the Earth and is labeled by m=66. Likewise, roll angles - 
90.043 and 0 deg are labeled by m=74 and m = l l l ,  respectively. Thus, the rotation o f the 
rocket proceeds in a clockwise manner starting with m = l stepping through m=148. In 
common with previous researchers, we assume that these intensity data may be analyzed
Reproduced with permission of the copyright owner. Further reproduction prohibited without permission.
on the basis of an optically thin atmosphere. The column emission rate for an optically 
thin emission line at (30.4 nm) is given by
4irl =  J  gndl (photons cm-2 s-1 )10-6 (R) (6.1)
n is the density in ions cm-3 and the scattering rate g for cold He+ 30.4 nm ions is 
9.16XlO-6 photons s-1 ion-1 (Garrido et al., 1992; 1994). Also, dl is the differential 
distance along a given line-of- sight.
6.3 The Motivation Behind Our Approach
The available photometric intensity data does not conveniently fit into presently known 
methods of analysis of obtaining altitude profiles for the density of He+ (30.4 nm) ions 
over all the latitude regions covered by the rocket’s spin motion. A single line-of-sight 
observation contains emissions from several flux tubes and in principle we don’t know 
how much each flux tube contributes to the total emission rate. We also don’t know the 
exact shape of the altitude profiles of the ion densities in each flux tube region. However, 
simulations using the FLIP model have obtained altitude profiles in the plasmasphere 
that are consistent with observations and FLIP type profiles also arise in the analysis 
o f ion distribution in the high latitude regions (Ottley and Schunk, 1980). We are not 
emphasizing any particular dynamical model in the description of the ion densities but 
it is reasonable to expect the spatial distribution of the densities in each flux tube to 
be consistent with the results of the FLIP model. For the geophysical regions considered 
here, we asume that each magnetic flux tube in the high latitude regions and the low 
latitude plasmasphere has ionization distributed with altitude according to a functional 
form that is consistent with the FLIP model. This assumption greatly simplifies the
162
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satellite altitude = 430 km 
latitude = 64.1 
phi = 147.7 Beta =0 z
Figure 6.2 Rocket geometry showing representative line-of-sight 
view angles (/?) and geographic coordinates for a spinning rocket. 
The shadow region is to the left of the figure.
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problem to only determining the source densities at the reference altitude once the shape 
of the spatial distribution of ion densities is assumed to be known. We will describe in 
Sec. 6.4 the procedure of how the relative contribution of each flux tube to the emission 
rate may be obtained. The shape function that describes the spatial distribution of ion 
densities will be described in Sec. 6.5.
6.4 Derivation of the Matrix Coefficients
At any point along a line-of-sight the density is calculated from
n =  noi4>i{s) (6.2)
where 4>i(s) is a function of the arc length s along a field line and may be assumed 
to increase or decrease with increasing distance s from the ionospheric base. Also, the 
particular source region may be obtained by tracing back to the ionosphere using the 
equation for the line of force for a dipole field
Ro =  L cos2 Ao (6-3)
where L is the distance of the equatorial crossing of a field line from the center of the 
Earth, Ao=base latitude and Rq is the radial distance of the ionospheric base given in 
units of Earth radii (Re).
164
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In particular, the line-of-sight intensities may be written as a sum of terms reflecting 
contributions from the different source regions, ie.,
4irlm =  j  gndl +  gndl + ... +  gndl (6.4)
R m ,  1 •'■Rm .2 • 'R m ,25
165
or in general
4ttxlm =  y 2  I gndl (6.5)
i JRm.I
where R mi  defines the region of integration for a specific source location identified by 
the index I and line-of-sight ’look’ angle index m. Eqs. (6.4) or (6.5) may be expressed 
in terms of the unknown densities no/
4tt Im =  Amtinoi +  Am,2no2 4- — +  Amj 25^025 (6-6)
Eq. (6.6) may also be expressed in matrix form as
A™,fX! =  bm (6-7)
I
where bm refer to the input intensities, Amj  are coefficients that depend on the g-factor,
dl and the model function 4>i(s) and x j  assume the role of the unknown densities no/.
As an illustration, for the view direction at 109.532 deg (m=9)
25
4nls = ^ 2  A9,inoi (6.8)
f=18
where the remaining coeficients Amj  are zero because the line-of-sight ray only traces 
back to the source regions 18, 19, 20, 21, 22, 23, 24 and 25. The coefficients A mi  are
Reproduced with permission of the copyright owner. Further reproduction prohibited without permission.
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calculated numerically as follows
gndl =  noisA^is
J
where
Similarly,
where
4^-9,18 =  ~n~ ^  (9k<i>l&(sk) +  9k+l<!>l8($k+l))
&=nfc(9,18)
k= 1
lFt
A.9,19 — "TT ^  (9k4>19(Sk) +  9k+l<t>l9(Sk+l))
'■^9,19 
fc=7ifc(9,19)
gndl =  noigAg^g
(6.9)
(6 .10)
(6.11)
(6 .12)
fc=nfc(9,18)—1
For the terms in the sum, k= l labels the starting point and nk(m,I) is the integer that 
defines the last term that is contained within the flux tube defined by the source region I. 
The other A mj  coefficients for the different ’look’ directions axe calculated numerically 
as discussed in Eqs. (6.9)-(6.12) and is summarized in the following sparse matrix
m =  1 — 2, A mji  =  (x ,x ,x ,x ,0 ,0 ,0 ,0 ,0 ,0 ,0 ,0 ,0 ,0 ,0 ,0 ,x ,x ,x ,x ,x ,x ,x ,x ,x )
For convenience, we can explicitly write out only the non zero elements and their respec­
tive labels and view angle ranges, ie.,
m =  1 - 2 ,  13 =  (89.65,91.82), Am,/= (1 ,2,3,4,17,18,19,20,21,22,23,24,25) 
m =  3 — 8, /? =  (94.7,107.4), Am>/=(1,2,3,17,18,19,20,21,22,23,24,25) 
m =  9,/3 =  109.5, Am./=(18,19,20,21,22,23,24,25) 
m =  66 — 74, 0  =  (-109.567,-90.04), Amj/=(10,11,12,13,14,15,16) 
to =  75 -  78, /3 =  (-8 7 .5 ,-8 0 .3 ), Am,*=(11,12,13,14,15,16) 
to =  79, /? =  -77.75, Amf/=(7,12,13,14,15,16)
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m  =  80, 0 =  -75.22, Am,j=(6,7,13,14,15,16) 
m  =  81, 0  =  -73.05, Am,/=(5,6,7,14,15,16) 
m  =  82, 0  =  -70.16, Am,/=(3,4,5,6,7,8,16) 
m  =  83 -  88, 0  =  (-67.98, -55.69), Am,/=(3,4,5,6,7,8,9) 
m =  89 -  94, /3 =  (-53.52, -41.2), Am,/=(3,4,5,6,7,8) 
m =  95 -  98, 0 =  (-38 .7 , —31.47), Am,/=(3,4,5,6,7) 
m =  99 -  101, /? =  (-28.94,-23.88), Am,/=(3,4,5,6) 
m =  102 -  107, /3 =  (-21.71, -9.78), Am,/=(3,4,5) 
m =  1 0 8 - 115, /3 =  (-6.88,10.11), Am,j=(2,3,4,5) 
m =  116 -  122, 0  =  (12.64,27.09), Am,/=(1,2,3,4,5) 
m =  123, 0  =  29.27, AOT)/=(1,2,3,4) 
m =  124 -  128, 0 =  (31.8,41.5), Am>I=(l,2,3,4,17) 
m =  129 -  132, 0  =  (44.1,51.3), Am,/=(1,2,3,4,17,18) 
m =  133 -  135, 0  =  (53.8,58.5), Am>/=(1,2,3,4,17,18,19) 
m =  136 -  138, 0  =  (61.1,65.4), Am>/=(1,2,3,4,17,18,19,20) 
m =  139 -  141, 0  =  (67.9,73.0), Am,/=(1,2,3,4,17,18,19,20,21) 
m =  142 -  143, 0  =  (75.2,77.7), Am)/=(1,2,3,4,17,18,19,20,21,22) 
m =  1 4 4 - 145, 0  =  (80.2,82.8), Ami/=(1,2,3,4,17,18,19,20,21,22,23) 
m =  146 -  147, 0  =  (85.3,87.5), Am)/=(1,2,3,4,17,18,19,20,21,22,23,24) 
m =  148, 0 =  89.65, Am,/= (1 ,2,3,4,17,18,19,20,21,2 2 ,23,24,25)
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where the x values reflect the source regions that contribute to the line-of-sight intensities 
for a given view angle. The notation used above for labelling the case m =l-2 means that 
the first four positions occupied by x also refers to the source regions 1, 2, 3, and 4, 
respectively. Similarly, the remaining positions filled by x refer to the regions 17 through 
25. The case m = l refers to the view direction with /3=89.65 deg while m=2 refers to 
P=  91.82 deg and the elements in the array Amj  reflect the source regions involved that 
contribute to the column intensity, ie., regions 1 through 4 and 17 through 25. The cases 
m=3-8 refer to the view angle range from /?= 94.7 deg (m=3) to /3=107.4 deg (m=8) and 
the entries in the array refer to the source regions involved. We also take note that the 
m = l and m=148 labels refer to the same view direction but differ in time by one period 
of rotation of the rocket and the value of the intensities at these times may have changed. 
We did not list the cases for m=10 to m=65 because these view directions are occulted 
by the Earth. The case m=10 refers to the view direction occulted by the Earth in the 
northern hemisphere while m=65 refers to the view direction occulted in the southern 
hemisphere. For source regions that are shadowed by the Earth, the scattering rate has 
been set to zero so that they are not part of the system of equations. Note, that the 
above example corresponds to a dipole field with 0 deg tilt. We have not listed the values 
of the corresponding matrix elements indicated above.
6.5 The Density Shape Function
In each flux tube we define a shape function that describes the subregions between s=0 
to s= l and for s >  1. All distances are measured in units of Re. Since our description for 
the other source regions pertaining to different flux tubes are similar we omit the label 
I. Thus, the subscripts used here refer to the subregions in a given flux tube.
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S3 : 0 < 5 <  52, to =  710^ 3(5), <f>3(5) =  a3s2 +  63s +  c3 
S2  '• S2  <  s <  s3, n =  no4>o(s), 4>3 { s )  =  a3s +  bo  
Si : s3 < s <  s5, to =  to0<£i(s), ^1(5) =  cti$2 +  h s  +  C\
So • s5 ^  s ^  S7 , TO =  TOo^oC5)  ^ ^ o (5 ) =  a0s“ 4" b3s +  Co
From the arc distances st- (i= l to 7) we choose si=100 km 53=500 km and 57=  6371 
km. The remaining s, are chosen as free parameters in the inversion process. This will be 
evident when we discuss results obtained after the inversion in a later section. Defining 
n(si) =  TOi and n(ss) =  n0, we obtained the following equations for region S3; assuming
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that n=0 at s=0, we get C3=0. At Si and So we have
a3«i +  h s i  =  —  (6.13a)n0
03^2 +  b3s2 =  —  (6.136)no
Similarly, for region S2 at S2 and S3 we obtained the following equations
(6.14a) 
(6.146)
(6.15a) 
(6.156) 
(6.15c)
(6.16a) 
(6.166) 
(6.16c)
The unknown coefficients above can easily be solved in terms of the density ratios and the 
arc distances. Finally, for the region s >  1 we assume the density to decrease according 
to
n =  —  (6.17a)sa v '
where
n7 =  nQ(aoSj +  6 0S7 +  c0) (6.176)
Thus, for all points within a given flux tube the density profile depends on the scale 
parameter ct, the 7 arc distances st- and the 6 density ratios
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Co So -)- 60 — ----n0
Co S3  - { - 62  — 1
Also, for region Si we obtained the set of equations
al s3 +  61 S3  +  Ci — 1
0 1 /*4ais4 +  61  s4 +  Ci =  —  
no
2 . r . n5al s5 +  6 1 S5 +  Cl — —no
and for region So we obtained the set of equations
2 , 7  . Il5ao$5 +  O0S5 +  Co — —  
no
2 . 7  , /i6
aose d" 60s6 +  co — —  n0
o , n-;&0S7 +  6 0S7  +  Co — ----no
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6.6 Inversion of Intensities by the Least Squares Method
In the calculation of the matrix elements defined in Sec. 6.4 we set the scattering rate 
gk equal to the constant g, Al=.02 Re and use the expressions for the shape function 
discussed in Sec. 6.5. The elements of the column vector bm in Eq. (6.7) are given by 
the 148 intensity data points that we have chosen earlier as discussed in Sec. 6.2. Since 
the intensities are in rayleighs we divide our matrix elements by the factor 10 6 photons 
cm-2 s-1 . We also define the error or residual matrix as e=Ax-b. We proceed with the 
inversion process by inputing initial values for the scale parameter a, s; and n;/no in each 
of the 25 source regions. Before we specify the parameters, we state our assumptions, 1) 
The rocket is fixed in space while spinning on its axis. 2) The rocket’s line-of-sight rays 
lie in the plane of rotation of the rocket. 3) The contribution to the line-of-sight intensity 
comes from different flux tube regions. 4) In each flux tube region the density varies 
as n=no<j!>(s) where <p(s) is a quadratic function described in Sec. 6.4 and s is the arc 
length. The quadratic function is assumed to have the FLIP type shape and the model 
parameters are given in the appendix. 5) The cold plasma distribution would include the 
ionosphere, high latitude outflow regions and the plasmasphere. 6) The intensities are 
calculated under optically thin conditions. 7) The plasmasphere does not vary over one 
period of the rocket’s rotation.
Now, the model parameters n,/no, a and s; are specified in the appendix and the 
forward method of inversion is done by first assuming initial values for the densities noi 
in all the 25 source regions and then calculating the intensities for all the different view 
angles and compare these values with the observed intensities and note the square of the 
error e. The densities are then adjusted and the procedure repeated until a minimum 
value for e2 is attained. For convenience, since it is cumbersome to be adjusting the
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densities in 25 source regions at a time, we calculated the intensities in a limited range of 
view angles first and then adjusted the densities in the relevant source regions until the 
smallest value for e2 has been obtained for that range of view angles and then repeated 
the calculations above for the other remaining view angles until a small error is obtained. 
A look at the matrix elements in Sec. 6.4 can show how cumbersome the procedure is 
in the adjustment of the densities in the source regions involved for a given range of 
view angles. Note that the minimum error is obtained when any other adjustment in 
the densities leads to an increase in the magnitude of e2. When an increase results, the 
previous value for the densities is defined as the solution to our problem.
Inherent in the discussion of the density shape function is that by an appropriate 
choice of the density ratios n;/no and the arc distances s,-, the altitude profiles would 
resemble the shape of altitude profiles obtained from results using the FLIP model, 
which has been successful in the description the plasmasphere. In the FLIP model, the 
densities would increase from 100 km to a maximum at roughly 500 km and decrease 
with altitude, thereafter.
6.7 Time-Dependent Intensity Profiles
The intensity profiles for 7 periods of the rocket’s rotation are shown in Fig. 6.3. The in­
tensity profile for the first period is the innermost profile (loop 1, solid) and the outermost 
profile (seventh period) is referred to as loop 7 and is also indicated by a solid curve. The 
intensity profiles reflect the dynamic changes in the plasmasphere and qualitatively show 
up in the plasmaspheric and outflow regions. Note that the horizontal axis in Fig. 6.3 
which is the case m=74 with a view direction angle /3=-90.04 deg (see Sec. 6.4) and the 
source regions involve are regions 10 to 16 and by referring back to the definitions in Sec.
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6.2, it shows that the regions in the southern hemisphere and mid-latitude plasmasphere 
are involved and give the largest relative contribution to the intensity. For the first period 
of rotation (loop 1), the left horizontal axis indicates a maximum intensity of 9 R and in 
the next period the intensity has increased to 12 R. For the remaining periods of rotation 
the intensity has increased even more up to 14 R. The sudden increase in intensities in a 
time period of three minutes is suggestive of ’dynamical changes’ occuring at high alti­
tudes (greater than 6000 km) in the plasmaspheric regions. The contributions from the 
high latitude regions are reflected in the view direction about (3=17 deg where regions 1, 
2, 3, 4, and 5 are involved and with the largest contribution to the intensity coming from 
regions 1 and 2 which are high latitude outflow regions in the northern hemisphere and in 
the night sector. For period 1 the intensity is about 1.25 R and has now increased roughly 
to 2, 4, 5, 5.5, 5.6 and 7 R for the remaining periods 2 to 7, respectively. We also take 
note that the intensity change from period 1 to period 2 from the outflow regions (1.25 
to 2 R) is not very significant except in the mid-latitude regions where we see an increase 
in intensity from 9 to 12 R. However, from period 2 to period 3 only a small increase in 
intensity occurs in the mid-latitude regions. Also, another significant feature occurs in 
the intensity profile for period 3 (loop 3, dashed). For the view angle range from /?=60 
to 86 deg the largest intensity is 12.7 R which occurs for /3= 75 deg where the regions 
that contribute the largest are regions 21 and 22. For the remaining periods 4 to 6 the 
intensity has dropped to about 10.2 R and then increased again to 11.8 R for period 7. 
Assuming that the ion’s scattering rate remains constant at these times these oscillatory 
features in the intensity profiles suggests that the ion distribution at higher altitudes are 
very dynamic. It is also interesting to note that the intensity profiles for periods 4, 5 
and 6 represent globally an almost ’constant configuration’ of the plasmasphere during 
these periods (1.5 minutes) (see also Fig. 6.4) and then a sudden expansion occurs in the
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last period. We will discuss the corresponding changes in the density profiles in a later 
section.
6.8 Interpretation of n(500) vs latitude graphs
A  plot o f the He+ ion density at 500 km vs latitude is shown in Figs. 6.5 and 6.6 for the 
northern and southern hemispheres, respectively. The angle from the equator is plotted 
so that the pole crossing can come out explicitly. Hence, an angle greater than 90 deg 
means that the location is over the pole.
A  look at the Northern Hemisphere plot shows a) All curves have the same basic 
shape, b) There is a clear trough feature centered near 75 deg for the first period, but an 
enhancement grows (or moves) in the field of view with steadily increasing concentration. 
There seems to be an increase of He+ ions by a factor o f 8, just at about 69 deg latitude, 
c) A consistent peak o f Helium ion concentration appears near 108 deg (72 deg latitude 
on the sunlit side). This might be accepted as due to ionization in sunlight. The decrease 
beyond 110 deg is probably not real but due to the minimal observation of that field line, 
rather high up. d) The increase in concentration going to lower latitudes is as expected 
apart from the apparent time dependence. Since such a large change in a short time is 
not expected,we may suspect that the measurement may not be simply interpreted as 
we had thought.
A  look at the Southern Hemisphere plot shows that a) The concentrations are much 
higher than the northern hemisphere, b) A trough appears as in the northern hemisphere, 
c) The poleward increase of He+ ion concentration is conjugate to the aurora seen near 
the rocket in the northern hemisphere, and the time dependence is very similar, d) The 
bottom of the trough is rather stable, unlike the behaviour in the northern hemisphere.
174
Reproduced with permission of the copyright owner. Further reproduction prohibited without permission.
175
loop 7
Figure 6.3 Photometric He+ (30.4 nm ) Intensity vs Roll Angle 
for 7 periods of rotation of the rocket. The innermost loop (loop 
1, solid) represents the first period of the rocket’s rotation and the 
outermost loop (loop 7, also solid) refer to period 7.
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Figure 6.4 Photometric He+ (30.4 nm ) Intensity vs Roll Angle 
for periods 4, 5, 6 and 7 of the rocket’s rotation. Note that the in­
tensity profiles for periods 4, 5 and 6 represent an almost constant 
configuration for the plasmaphere and a final inflated profile for 
period 7. The period of the rocket’s rotation and the outermost 
loop (loop 7, solid) refer to period 7.
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Note that each profile is not unreasonable by itself and features were found similar 
to reports by other observers. Derivation of the n(500) values from data obtained at 
greater altitudes, using an equilibrium standard ion profile, seems to work reasonably 
well. While the sudden changes just north of the rocket are acceptable because of the 
presence of an aurora, time dependencies at lower latitudes are difficult to relate to our 
present understanding.
6.9 Time-Dependent Altitude Profiles
In each region the time variation of the altitude profiles during the 7 periods of the 
rocket’s rotation is shown in Figs. 6.7 to 6.11 and we made plots for some representative 
regions. Note that regions 1, 2 and 3 of Fig. 6.7 are high latitude regions in the night 
sector while regions 17, 18 and 19 of Fig. 6.8 correspond to the high latitude regions in 
the day side. Figs. 6.7 and 6.8 represent regions in the northern hemisphere. Note, also 
that for each time dependent plot in each region the solid curve refers to both period 
1 and period 7 with the latter having the largest intensities. It seems evident that in 
both figures the altitude profiles for periods 4, 5 and 6 in these regions have not varied 
significantly and seem to be consistent with the intensity profiles shown in Figs 6.3 or 
6.4. The contrast between Fig. 6.7 and Fig. 6.8 for the first period of rotation show that 
the relative magnitude of the densities in the day sector is larger than in the night sector 
and may be reasonable due to more ionization in the dayside. The altitude profiles in 
the mid-latitude regions in the night sector are shown in Fig. 6.9 for regions 7, 8 and 9 
(northern hemisphere) and in Fig. 6.10 for regions 11, 12 and 13 (southern hemisphere). 
Figure 6.10 shows a relatively larger distribution of ionization (latitude ranges from -60 
to -66 deg) compared to the regions described in Fig. 6.9 (latitude ranges from 50 to 63
177
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Figure 6.5 He+ (30.4 nm) ion concentration vs latitude for the 
northern hemisphere for 7 periods of rotation of the rocket. Lati­
tude angles are measured from the equator.
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Figure 6.6 He+ (30.4 nm) ion concentration vs latitude for the 
southern hemisphere for 7 periods of rotation of the rocket. Lati­
tude angles are measured from the equator.
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deg). Regions 12 and 13 show an almost unchanging density behaviour which may be 
expected of the plasmasphere in a diffusive equilibrium state while in region 11 the ion 
density varies ’slightly’ about 1000 ions cm-3 . However, the altitude profiles in Fig. 6.9 
reflect a more dynamic behaviour in the densities in contrast to Fig. 6.10 and since these 
measurements are high altitude observations we have at present no model to explain 
these results. The altitude profiles for the mid-latitude plasmasphere (latitude ranges 
from 65 to 72 deg) in the dayside is shown in Fig. 6.11 and regions 23 and 24 show an 
almost constant profile for the 7 periods of the rocket’s rotation.
6.10 Comparison With Observations
Now, we can use the coefficients defined in Sec. 6.4 and the model parameters listed 
in the Appendix and the inverted density distribution shown in Figs. 6.7 to 6.11 to 
recalculate the intensity profiles for all the available data observation angles. The results 
are shown in Fig. 6.12 where the solid curves (loop 1) represent the calculated intensities 
and the dotted curves (loop 2) are the smoothed data profile while the dashed curves 
(loop 3) axe raw data. Note that for the first five periods all three curves are superposed 
while for periods 6 and 7 we did not superpose the raw data. We see, however, excellent 
agreement between calculated and observed data. There is range of view angles where 
the field of view of the instrument is not completely filled. These are points where the 
field of view crosses the shadow line and is not filled with light from the source, thus, 
the measured intensity will be reduced from the proper value. These view angles range 
roughly from -74 to -62 deg so that the calculated intensities for these view directions 
would cause a dip in the intensity profile in contrast to that shown in Fig. 6.12 and 
no adjustment in the densities in the relevant source regions can compensate for these
180
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Figure 6.7 Altitude profiles for He+ (30.4 nm) number densities 
in regions 1, 2 and 3. They refer to the high latitude regions in the 
night sector and northern hemisphere. In each region the altitude 
profiles for the ion densities are also plotted for the 7 periods of 
rotation of the rocket.
Reproduced with permission of the copyright owner. Further reproduction prohibited without permission.
Altit
ude
 (k
m) 
Altit
ude
 (k
m) 
Altit
ude
 (k
m)
182
Region 17
1 0 0Density (ions/cc)
Region 18
Density (ions/cc)
Region 19
1000
Density (ions/cc)
Figure 6.8 Altitude profiles for He+ (30.4 nm) number densities 
in regions 17, 18 and 19. They refer to the high latitude regions 
in the day sector and northern hemisphere. In each region the 
altitude profiles for the ion densities are also plotted for the 7 
periods of rotation of the rocket.
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Figure 6.9 Altitude profiles for He+ (30.4 nm) number densities 
in regions 7, 8 and 9. They refer to the mid-latitude plasmasphere 
in the night sector and northern hemisphere. In each region the 
altitude profiles for the ion densities are also plotted for the 7 
periods of rotation of the rocket.
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Figure 6.10 Altitude profiles for He+ (30.4 nm) number densities 
in regions 11, 12 and 13. They refer to the mid-latitude plasmas­
phere in the night sector and southern hemisphere. In each region 
the altitude profiles for the ion densities are also plotted for the 7 
periods of rotation of the rocket.
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Figure 6.11 Altitude profiles for He+ (30.4 nm) number densities 
in regions 23, 24 and 25. They refer to the mid-latitude plasmas­
phere in the day sector and northern hemisphere. In each region 
the altitude profiles for the ion densities are also plotted for the 7 
periods of rotation of the rocket.
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dips. For these view angles which are labeled m, we calculated the intensity I m to be the 
average (Im_i + I m +  Jm+ i)x (f/3 ) where f=l+7? and 77 is a small factor much less than 
1.
6.11 Discussion
The particular viewing geometry of the rocket used here with its rolling motion allows 
a wide coverage of many plasma regions; however, the available photometric intensity 
data is insufficient to determine the uniqueness o f the extracted densities. In purely to­
mographic methods, the available data is sufficient to enable complete inversion because 
of the number and distribution of observations. By employing altitude profiles that are 
consistent with dynamical models such as the FLIP model we are able to invert the mea­
surements and reproduce the observed intensity profiles. The product of this analysis is a 
set o f densities at a chosen reference height. Since we do not know the exact shape of the 
altitude profiles as well as the relative shape of the density distribution in each flux tube, 
the choice of parameters to describe that shape is arbitrary and the number o f parameter 
is large. Note that an arbitrary change in parameters (See Section 13, Appendix) can 
also change the relative magnitude o f the extracted densities at the reference height (500 
km); however, we do not expect major changes in our conclusions. From our results we 
are able to infer the presence of an aurora, the trough feature, and showed enhanced He+ 
ion densities in the polar cap. No account has been taken of a possible change in altitude 
profile o f the ions in the presence of an aurora.
186
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Figure 6.12a Photometric He+ .(30.4 nm ) Intensity vs Roll Angle 
for period 1. The dotted curve is the smooth profile (loop 2) while 
the dashed curve (loop 3) is unsmooth and are superposed over 
the calculated profile (loop 1. solid).
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Figure 6.12b Photometric He+ (30.4 nm ) Intensity vs Roll Angle 
for period 2. The dotted curve is the smooth profile (loop 2) while 
the dashed curve (loop 3) is unsmooth and are superposed over 
the calculated profile (loop 1, solid).
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• Figure 6.1*2c Photometric He+ (30.4 nm ) Intensity vs Roll Angle 
for period 3. The dotted curve is the smooth profile (loop 2) while 
the dashed curve (loop 3) is unsmooth and are superposed over 
the calculated profile (loop 1. solid).
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Figure 6.12d Photometric He+ (30.4 nm ) Intensity vs Roll Angle 
for period 4. The dotted curve is the smooth profile (loop 2) while 
the dashed curve (loop 3) is unsmooth and are superposed over 
the calculated profile (loop 1. solid).
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Our method of inverting observed intensities to obtain density distributions may 
be applied in studies regarding the refilling and depletion o f plasmas from flux tubes 
in the plasmasphere and the outflow of ions at high latitudes in the polar cap. The in­
flated shapes o f the profiles in other loops represent a dynamical change in the density 
distribution o f the He+ ions in the regions observed. The relative magnitude of the den­
sities in each flux tube region will give us an indication about which source regions have 
significant ion depletions or outflows. Our results show that since most of the observed 
intensities come from higher altitude regions the relative change in the intensities during 
the 7 periods of the rocket’s motion may not be attributed directly to the changes in the 
ionospheric densities at 500 km. If the plasmasphere varies rapidly in time during the 
rotational period of the rocket our method may not be applicable; however, important 
advances in instrumentation such as coded aperture imagers (Curtis et al., 1992) are 
presently being developed that may resolve this problem. A single observation in time 
allows the imager to obtain many line- of-sight integrations (1-D slice) within the field 
of view of the instrument. Thus, many 1-D slices o f the magnetosphere can be obtained 
in a relatively shorter time by adjusting the ’look’ direction o f the imager.
6.12 Conclusions
Under the assumption that the plasmasphere does not vary rapidly within one period 
of the rocket’s rotation we are able to recover density profiles o f He + (30.4 nm) ions 
in many different plasma regions that includes the plasmasphere and the high latitude 
outflow regions. We introduced a forward inversion method that used all the intensity 
data points and a least squares method that minimizes the error between observed and 
calculated intensity profiles. We also derived matrix elements that contains information
191
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on the particle scattering rate and the density shape function. The matrix elements 
indicate the different source regions and their relative contribution to the densities in a 
given line-of-sight direction.
The latitude variation of the densities at 500 km in the night sector show a trough 
region starting roughly at a latitude of 64 deg and a steady enhancement of the He+ ion 
concentration by a factor of 8 just north of the rocket just at about 69 deg latitude. These 
density enhancements may be reasonable and attributed to the presence of an aurora but 
time dependencies at lower latitudes are difficult to relate to our present understanding.
The computed intensity profiles for He+ (30.4 nm) ions are in excellent agreement 
with observations for all periods of rotation of the rocket.
The assumption of FLIP type shapes for the altitude profiles of the ions in each 
flux tube region is reasonable because these profiles have been shown to be consistent 
with observations. Furthermore, this assumption together with the parameters defined 
in the Appendix effectively reduces the problem to just the determination of the density 
parameters at 500 km. Note, that the densities obtained with our method of analysis are 
also dependent on dipole tilt, magnetic field model, the rocket’s spatial location, detector 
field of view and the rocket’s orbital motion. The assumption of a static plasmasphere 
may be removed if intensity observations are obtained simultaneously.
The densities that we have obtained by the least squares method lead to consistent 
intensity profiles; however, densities at lower altitudes obtained from the simulation still 
need to be compared with low altitude observations. Since intensity measurements were 
obtained at high altitudes, the changes in the intensities directly correlate to changes in 
the density distribution in these regions. We, however, still have difficulty in interpreting 
dynamic changes in ion densities occurring in the ionosphere.
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For the case when the dipole has 0 deg tilt, we have used the following arc distances in 
km; si=100, 52=300, S3=500, s4=1000, ss=2000, 56=4000 and 57=6371. For the density 
ratios, let l{ =  /uq (i=l,7) so that the model parameters for all regions R j  (1=1,25)
may be written as follows,
R i  =■ ( h i  h i h i h , h i h i  h )
Thus, for all flux tube regions we have used
Rr =  (0.1, 0.9, 1.0, .99, .93, .85, .80)
Also, the scale parameters a / have values that are adjustable between 0.3 to 0.5.
6.13 Appendix: Model Parameters
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Chapter 7 Inversion of EUV 30.4 nm images to obtain 3-D He+ 
densities
7.1 Introduction
A  large number of in situ experiments have been carried out over many years in many 
component regions around the Earth’s Magnetosphere and the present global picture has 
been an average picture. Since measurements of ion populations have been accumulated 
over long periods of time and at different regions, because of the time variability of the 
different magnetospheric processes from one pass of a satellite to the next the interpolated 
information may not be accurate; hence, the current picture may not be reliable. Ions like 
He+ and 0 + , however, have been found to have large scattering rates and their resonant 
emissions may be used to trace the ion distributions.
The ionosphere and the plasmasphere have been observed to be heavily populated 
with plasma constituents such as He+ (30.4 nm) and 0 + (83.4 nm) ions which are suitable 
candidates for imaging in the EUV region. It has been discussed in the previous chap­
ter that extracting quantitative information like density distributions from photometric 
intensities using tomographic techniques may be expensive and impractical and requires 
many simultaneous observations at vaxious locations. I introduce a method of analysis 
that removes the technical difficulties involved in carrying out tomographic analysis. In 
the next section I undertake a computer experiment to illustrate the method and also 
state my assumptions.
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In Chapter 5, I simulated an image of the plasmasphere in He+ 30.4 nm light using 
boundary conditions that represented source densities in the ionosphere and the density 
distribution everywhere in the flux tubes was obtained by using the kinetic model to 
describe the densities in the polar regions and the fluid model to describe the plasmas­
phere. The boundary conditions have been assumed to vary in latitude but to be constant 
in MLT. I have also assumed that I have a symmetrical north and south hemispheric 
distribution.
I simulate another experiment by adopting the day boundary conditions in Chapter 
5 and using them as boundary conditions for both day and night sectors for my present 
problem and now assume the source densities to be ’data’ at 500 km. I also assume 
that there is symmetry between northern and southern hemispheres. The He+ source 
density is shown as an image distribution in Fig. 7.1. The source distribution is divided 
into 11 latitude sectors which are 8 deg wide and there are 8 MLT sectors which are 45 
deg wide each. The annular regions show areas assumed to be constant in distribution 
over MLT. The latitude variation of the densities shows a plasmapause at L=3 with a 
minimum density of 10 ions cm-3 in the polar cap and a maximum density of 900 ions 
cm-3 around the equator (See Fig. 5.4a). Looking from above the northern hemisphere 
the bottom portion of Fig. 7.1 represent the day sector while the top portion of Fig. 7.1 
refer to the night sector. Also, the left and right side of the Fig. 7.1 refer to the dawn 
and dusk sectors, respectively.
7.2 The Source Distribution
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7.3 The Image Distribution
The image distribution corresponding to the source boundary conditions defined by Fig.
7.1 is shown in Fig. 7.2. The shadowing of the plasma in the night sector (right side of Fig. 
7.2) is reflected in the relatively dimmer intensity in contrast to the day sector (left side 
of Fig. 7.2). Recall that the 50x50 pixel image was obtained by simulating an imager at 
9 Re in the dusk sector viewing towards the center of the Earth. The brightest intensity 
is about 38 Rayleighs and the darkest regions are of the order of a few hundreths o f a 
Rayleigh. I will assume that the image of Fig. 7.2 to be input data. Note that photon 
statistics in the detector have not been considered and that 100 % detector efficiency has 
been assumed.
7.4 The Inversion Method
The image of Fig. 7.2 is now considered as input data to be analyzed and my aim is to 
recover the source distribution of Fig. 7.1. Note that a single pixel in Fig. 7.2 can be 
defined by field of view coordinates (eta,beta) where the upper right hand corner pixel 
has coordinates (25,25) and the middle right side corner has coordinates (25,0), and both 
pixels are all in the night sector. Recall, that the key assumption that I used in Chapter 
6 to recover the densities is to assume that the density profile o f the ions have a ’FLIP’ 
type shape so that if the source density in the ionosphere is given, then the density 
distribution everywhere inside the flux tube can be calculated. The use of the FLIP 
type model to describe plasmaspheric densities may not be fully justified; however, it is 
convenient to use and it accounts for a large amount of observations in the plasmasphere.
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The decrease in densities along the flux tubes away from the ionosphere is also consistent 
with observed behaviour in these regions. Thus, the model is simple and reasonable.
I indicated in Chapter 6 that a given line-of-sight includes contributions from dif­
ferent flux tube regions whose sources can be traced down along magnetic field lines to 
the ionosphere into various latitude sectors. A group of pixels in Fig. 7.2 which has field 
of view coordinates ranging from (-10, 25) to (-10,-25) may be defined as a ’slice’ in the 
image distribution at eta =  -10 deg. Each pixel coordinate in this slice represents a given 
direction within the imager’s field o f view and the column intensity represent integrated 
intensity sources from diffferent flux tube regions. The relevant matrix elements (See 
Chapter 6) also give the relative magnitude of the contributions to the densities from 
the different latitude sectors. The source densities affected in the line-of-sight integra­
tions can be adjusted and the column intensities recalculated and compared with the 
original data. The procedure is reiterated many times until minimum error is obtained in 
the least squares sense. Since there is symmetry between the northern and the southern 
hemispheres it is possible to consider only a slice in the upper hemisphere.
A source distribution such as shown in Fig. 7.1 can be used as an initial source dis­
tribution and also assuming the FLIP type density model to describe the ion distribution 
everywhere, the line-of-sight intensities can be recalculated using the same viewing geom­
etry as was used to obtain Fig. 7.2 and compared with the original image. The problem 
may be iterated many times until the error is minimized. Each hemispherical source re­
gion is divided into 88 component regions (11 latitude sectors and 8 MLT sectors) which 
makes the procedure tedious. Furthermore, the amount of time for image minimization 
to be achieved is enormous. However, to illustrate my purpose, I simplify the procedure 
by considering only specific slices in the analysis. I have chosen to analyze the image 
distribution in slices which are 5 deg apart but the line-of-sight integrations still cover
200
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the entire source distribution. Thus, for simplicity the image minimization is performed 
one slice at a time until the whole image is covered and the procedure repeated until 
error minimization is achieved.
7.5 The Extracted Source Distribution
The results of the error minimization procedure that I have applied is shown in the image 
distribution of Fig. 7.3 and the recovered source distribution is shown in Fig. 7.4. I see 
in Fig. 7.4 that the shape of the plasmasphere, its plasmapause, maximum intensities in 
the bright regions in the day sector are reasonably obtained, and the shadowing of the 
plasma in the night sector is still evident. I also note that some bright regions in the 
plasmasphere (day sector, about eta=-9 deg) axe not present and this results because I 
used only a partial number of slices in the image distribution during the minimization 
procedure. The recovered source distribution is shown in Fig. 7.4. I see that in some 
regions, there are differences between Fig. 7.1 and Fig. 7.4. Note that the plasmaspheric 
regions and the polar regions are fairly recovered where the number of ions cm-3 is now 
zero for latitudes greater than 77 deg.
The discrepancy between the original and extracted source distribution is expected 
because in the minimization procedure illustrated above, the calculated image may not 
be the true minimum image. Although the results above are very promising, I need to 
improve the computer codes in the image analysis. This simulated experiment was done 
to show that I have the ability to extract quantitative information from 2-D images with 
a spacecraft making an observation in an instant of time and in one location in space.
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In future work, I will continue to assume the FLIP type model to describe the density dis­
tribution everywhere inside the flux tubes and divide the source distribution into zonally 
averaged sectors. I may start with 11 latitude sectors with each latitude region having the 
same source distribution in MLT (zonally averaged). The symmetry between the north­
ern and southern hemispheres reduces the laborious iterative procedure described above. 
I therefore have only a few unknown source densities (unknowns) to adjust in perform­
ing the image minimization. The entire image distribution is calculated and compared 
with the original image and the procedure is iterated until a minimum error in the least 
squares sense is obtained. The resultant source distribution is now broken into 22 in­
dependent subregions (day sector has 11 and night sector has 11), thus, introducing a 
day-night asymmetry. The minimization procedure is repeated where there are now more 
independent parameters involved; however, I need to adjust all sectors at once: say, all 
sectors in the night are either increased or decreased in content simultaneuosly, and then 
all day sectors are adjusted until a minimum is achieved. Note that I have made, only 
two adjustments. As another minimum is achieved, I now introduce a dawn-dusk and 
a noon-midnight asymmetry and so on. I believe that this procedure leads to the mini­
mum image desired and the source distribution extracted will then be unique in the least 
squares sense.
Note that the labor of repeatedly calculating the entire image distribution in each 
step in the minimization procedure is still present. The computer code to calculate the 
image needs to be optimized.
7.6 Future Work
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Figure 7.1 He+ (30.4 nm) source distribution at 500 km divided 
into 11 latitude zones. The bottom portion of the figure is in the 
noon sector.
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Figure 7.2 Simulated He+ (30.4 nm) image using the densities in 
Fig. 7.1. The satellite is located at 9 R e in the equatorial plane in 
the dusk sector and viewing towards the center o f the Earth. The 
right side of the figure is in the day sector. Intensities are listed in 
log base 10 (Rayleighs).
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Figure 7.3 He+ (30.4 nm) image obtained by minimization pro­
cedure. The satellite uses the same viewing geometry as that of 
Fig. 7.2. Intensities are listed in log base 10 (Rayleighs).
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Figure 7.4 Extracted He+ (30.4 nm) source distribution at 500 
km. The bottom portion of the figure is in the noon sector.
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I am confident that the method of forward modelling to simulate magnetospheric images 
is very useful in estimating emission rates originating from the different component re­
gions in the inner magnetosphere. The He+ (30.4 nm) and 0 + (83.4 nm) emission line 
has received much attention because of the abundance of the He+ and 0 + ion species in 
the ionosphere and in the plasmasphere. The large scattering rates of the ions make it 
favorable to image the ion populations in these wavelengths.
Since the cold ions are tied up to the magnetic field lines, the dipole nature of 
the near-Earth magnetic field may be seen in the images of He+ 30.4 nm. Due to the 
heavy mass and smaller scale height of the 0 + ions, the 0 + ion densities decreases faster 
far away from the ionosphere than the He+ ion densities and the dipole nature o f the 
magnetic field may not be evident. Since the 83.4 nm emission line is optically thick, I 
expect an image at this wavelength to be a spherical glow.
The plasmasheet region contains very energetic 0 + ions which are believed to have 
originated in the ionosphere. Dynamic events like magnetic reconnection are believed to 
occur in the tail and large ion velocities have been observed in these regions. The large 
bulk motion o f the ions along the Sun-Earth line may cause Doppler shifts of the 0 + 
absorption lines off the solar emission lines and I may see dim and bright regions in the 
tail. I note, however, that a simple Boltzmann velocity distribution was assumed and a 
more complex distribution may exist in the tail region. To see the gross features of the 
radiation belt and plasma sheet, a camera with an aperture area of 750 cm2 with an 
exposure time of 1000 s is needed.
Chapter 8 Conclusion
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The possibility o f detecting optical emissions from 0 + 83.4 nm and He+ 30.4 nm 
ion outflows in the polar regions may be enhanced if a satellite is located at a distance 
of 9 Re or greater in the equatorial plane and viewing towards the center of the Earth. 
Observations in 30.4 nm light may be favorable during disturbed times when the size 
o f the plasmasphere is reduced. Doppler shifts and ionospheric glow may complicate the 
interpretation of the images of outflowing 0 + 83.4 nm ions. I believe, however, that if 
particle energization occurs in a small latitude range in the ionosphere dim regions in 
the polar cap may be evidence of Doppler shifts.
I have developed an inversion method that allows us to quantitatively extract density 
information from photometric He+ 30.4 nm intensities obtained by low altitude orbiting 
rockets with a spin scan motion (internal view). By assuming the density profile to have a 
FLIP type shape everywhere inside the flux tubes I am able to determine source densities 
at 500 km in the ionosphere over a wide range of latitudes. The plasmapause may also 
be inferred from our analysis as well as the time development of the ion densities in the 
polar cap. More detailed analysis is required as to the accuracy and reliability o f the 
extracted information.
I have extended the method of analysis for low altitude rockets to a satellite viewing 
externally at large distances. I have shown that it is possible to extract 3-D He+ 30.4 
nm ion distributions from 2-D images for a satellite viewing in one instant of time and 
one location. Although the method of image analysis is in its initial stage, the method 
is very promising in that the economic and technical difficulties posed by tomographic 
experiments may not be necessary.
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